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PHOTOGRAPHIC OBSERVATIONS OF SOME 
DOUBLE STARS 


By THOMAS H. OSGOOD: 


ABSTRACT 


The paper gives photographic measures of 59 double stars, the majority with 
separations between 2’’ and 10” and magnitudes between 6 and 10. The average 
probable error in the determination of the angular separation is 0”007, and in position 
angle, 5’. All plates were taken at the 80-foot focus of the 60-inch reflector. 

The photographic measures enable hypothetical parallaxes to be calculated for 
these stars, many of which have hitherto been classed as fixed. The results show rea- 
sonable statistical agreement with mean parallaxes derived by other methods. 


Photographic methods of observing double stars, as developed 
by Hertzsprung and others, necessarily involve more labor than 
visual methods; but what they lose in speed they gain in accuracy. 
On the other hand, visual observations can be carried out for pairs 
of equal brightness whose separation is almost at the theoretical 
limit of resolution of a good telescope, while the lower limit for sat- 
isfactory photographic work is some fifteen times as great. The 
present paper gives photographic measures for 59 pairs between 
magnitudes 6 and tro, the separations for the majority being between 
2’’ and 10”; at the same time it provides material for calculating 
the hypothetical parallaxes of these stars, many of which have 
hitherto been classed as ‘‘fixed.”’ 

All the plates were taken with the Cassegrain arrangement of 
the 60-inch reflector (equivalent focal length, 80 ft.), the average 
exposure being about 20 seconds for an eighth-magnitude pair. 
Those dated earlier than 1927.30 were photographed and measured 
by van Maanen, the remainder by the writer. In general, fifteen 
exposures were made on each plate, in three rows of five: one group 
with exposures corresponding to the figures given, the others with 
exposures about 30 per cent more and 30 per cent less than these. 
The trail of a neighboring bright star served as a reference line in 
measuring the plate. Color filters were not used. Of the 59 plates, 
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40 were measured on the comparator in Pasadena, the remainder 
on the instrument at the Cambridge Observatory, England. 

The observations are collected in Table I. The first three 
columns identify the star according to its number in Burnham’s 
General Catalogue and give its position for the epoch 1goo. All are 
Struve stars with the exception of 8 G.C. 6415, 6869, 7712, 8030, 
9693. Right ascension is quoted to the nearest tenth of a minute. 
In the sixth column is tabulated the separation in right ascension 
(Aa) of the components of each binary; in the seventh, the separa- 
tion in declination (A6), both measured in seconds of arc. The next 
column, headed “‘P.E.,” gives the probable errors, in thousandths 
of a second, of the measurements in the two preceding columns. 
The components of the separation are combined in the ninth column 
to give the angular separation s=/ (Aa)?-+ (AS)? It will be noticed 
that in only one case is s less than 2”; according to the standards 
of visual observation the objects are therefore “easy” pairs. The 
position angle, tabulated under P, follows from the ratio Aa/A6é. 
The probable error in P is of the order of 5’. After the position angle 
is the date, and, in the column headed ‘‘Exp.,” the number of 
exposures which were measured on each plate. 

The hypothetical parallax of a double star can be determined if 
the orbital motion of the pair is known. If this motion covers only 
a very small arc, the parallax may still be calculated, provided we 
assume a circular orbit, and take an average value for the tilt of 
the orbital plane. Evidence has been accumulating during the last 
few years to show that parallaxes derived in this approximate man- 
ner can be relied on statistically, though they do not give accurate 
results in individual cases. It is difficult, from visual observations 
alone, to detect orbital motion with certainty unless it be large— 
say about o°1 per annum, if the observations extend over fifty 
years. With the help of one accurate photographic measurement, 
however, the sensitivity of the method is much increased. The dia- 
grams in Figure 1 (8 G.C. 5516) illustrate this. The essential point 
is that the photographic measure receives infinite weight—the curve 
passes through that point, and at the same time represents the older 
observations weighted approximately as follows: Burnham, Leaven- 
worth, Comstock, Van Biesbroeck, Struve, Aitken, 10; Wirtz, Doo- 
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little, Espin, 8; van den Bos, Doberck, 6; others, 1. For a few of the 
stars recent photographic measurements by Hertzsprung are avail- 
able. These were, of course, given additional weight. 

That it is legitimate to allocate an infinite weight to the photo- 
graphic, as compared to the visual observations, may easily be real- 
ized from a consideration of the measures of so-called fixed pairs 
as given in Burnham’s General Catalogue. About a dozen pairs (be- 
tween 2”’ and 10’’) were chosen which showed no evidence of relative 


ds " 
—~ =-+0.00 
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1870 Ig00 1930 


=—o°021 


1870 1900 1930 
Fic. 1.—8 G.C. 5516 


motion, and for each of which data were available at not fewer than 
eight epochs. The observations showed an average departure of 
1°03 from the mean in P, and of o%127 in s. Each observation, it 
must be remembered, is derived from measurements made on sev- 
eral nights—in the case under consideration the average was 3.1 
nights. A comparison of these figures with those in the eighth column 
of Table I reveals the great improvement in accuracy when photo- 
graphic methods are used. In practice it is more convenient to plot 
s and P separately against time; so that if ds/dt (in seconds) and 
dP’/dt (in radians, and corrected for precession) represent the an- 
nual change in s and P, the hypothetical parallax is given by 


Ca See Cis 
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where m, and m, are the masses of the components relative to the 
sun. Asa first approximation m,-+-m,=2. To obtain a more reliable 
value of the parallax, it is necessary to reduce the visual to bolomet- 
ric magnitudes; then the first value of p may be corrected" by ad- 
justing both m, and m, with the help of Eddington’s mass-luminosity 
curve. In compiling the fourth and fifth columns of Table I, where 
the requisite data are tabulated, it has been assumed that the 


Visual Absolute Magnitude 


FIG. 2 


magnitude and type quoted in the Henry Draper Catalogue refer to 
the brighter star of the pair; for the other component, the type is 
taken to be the same, and the difference in magnitude, if any, is 
derived from Burnham’s General Catalogue. The magnitudes given 
in Table I, fourth column, are visual magnitudes. The hypothetical 
parallaxes are listed in the last column but one of this table. 

For 6 G.C. 439, 3587, 6216, 6869, 7551, and 8708, both trig- 
onometric and spectroscopic parallaxes are available; for 6 G.C. 
1854, 2446, 4601, 4890, 6415, 6837, 7212, 7341, 8167, 9818, 10775, 

t Russell, Dugan, and Stewart, Astronomy, 2, 692, 1927. 
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and 11968, spectroscopic ones only. The mean values, corrected for 
systematic errors as far as the trigonometric parallaxes are con- 
cerned, are given in the last column of Table I. I am under great 
obligation to Mr. W. S. Adams, who communicated many of the 
spectroscopic values to me in advance of publication. The agree- 
ment is in general quite good, except for 6 G.C. 2446, 7212, 8167, 
8798, and 10775. While 8 G.C. 8798 is undoubtedly a physical pair, 
2446 and 7212 are probably only optical double stars, while for 
8167 and 10775 the measures give no evidence whether we are deal- 
ing with a physical pair or not. 

Since the resolving power of telescopes is limited, the hypothet- 
ical parallaxes derived from the orbital motion of double stars are, 
on the average, considerably greater than the average for all stars 
of the same visual magnitude. In the present investigation still 
greater values are to be expected, since the minimum separation of 
the stars considered is about 2’’; such a pair could be resolved by a 
telescope of very modest dimensions. On the other hand, the meas- 
urements in this work have excluded stars brighter than sixth mag- 
nitude and wide pairs. It follows that the absolute magnitudes of 
the stars in Table I will be brighter than the average for all stars 
of the same type, except in the case of very bright stars, when the 
discrepancy may be expected in the other direction. This is clearly 
shown by means of a Russell diagram in Figure 2. Instead of re- 
cording individual stars, however, the diagram gives the mean ab- 
solute magnitude for groups of stars of nearly similar type. The 
points were compiled as follows: B3—Ao, 11 stars; A1—A4, 7 stars; 
A6—F4, 6 stars; F5 —Fo9, 9 stars; Go— G6, 16 stars; G7 —K3, 5 stars 
in the main sequence, 2 giants; K4—M, 3 stars. The dotted line 
has been drawn to represent the observations as well as possible, 
while the full line indicates the main sequence. Two stars, 6B G.C. 
6558 and 7712, are obviously giants. 

Mention should be made of a paper by Redman’ dealing with 
calculations of the same nature as those just described. He has com- 
puted hypothetical parallaxes for all stars with determined orbits, 
as well as for all in which visual observations reveal orbital motion. 
He adopts the refinement, as here, of applying Eddington’s mass- 

1 Redman, Monthly Notices, R.A.S., 88, 33, 1927. 
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luminosity relation to each component of the binary. His results 
show good statistical agreement with parallaxes derived by other 
methods. 


My thanks are due to Dr. van Maanen and Professor H. N. 
Russell for much friendly counsel; and to the directors of the Cam- 
bridge Observatory, England, for their courtesy in placing their 
comparator at my disposal for two weeks. I am indebted to Dr. 
Aitken for furnishing me with measures, for the years between 1906 
and 1927, of the stars in Table I. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
April 1928 
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THE SPECTRUM AND RADIAL-VELOCITY 
VARIATION OF RU CAMELOPARDALIS 


By ROSCOE F. SANFORD 
ABSTRACT 


Light-elements.—Fifty-seven epochs of light minimum covering an interval of 
thirty-five years are satisfactorily represented by the formula 


Minimum=J.D. 2417611 .054-++2241622E (G.M.A.T.) . 


Velocity-curve—Twenty-four slit spectrograms were obtained between 1919 and 
1928. The plot of the measured velocities against phases, computed by means of the 
foregoing formula, shows that the velocity oscillates periodically with the light through 
a total range of about 30 km/sec. The interval from velocity maximum to velocity 
minimum is 15 + days, which is considerably more than half the period. Minimum and 
maximum light correspond closely to the epochs of the y velocity on the rising and 
falling branches of the velocity-curve, and maximum and minimum velocity occur near 
the epoch of median magnitude on the rising and falling branches of the light-curve. 
The usual correspondence between velocity- and light-curves for Cepheids does not 
hold for RU Camelopardalis. 

If the radial-velocity variation is interpreted as the result of a symmetrical pulsa- 
tion of a spherical star, maximum light synchronizes with minimum diameter and mini- 
mum light with maximum diameter. 

Spectrum.—The spectrum passes through three clearly recognizable stages: (1) 
class Roe with emission lines of hydrogen, phase 343-643, which is near median magni- 
tude on the rising branch of the light-curve and at velocity maximum; (2) class Ko with 
hydrogen lines in absorption, phase 848-1340, which is about symmetrical to light 
maximum; (3) class Ro, with hydrogen lines still in absorption, over the remainder of 
the period, which includes the epoch of light minimum. 

Possible explanation.—The relations between the light- and velocity-curves of 
RU Camelopardalis at the four crucial phases of maxima and minima for these curves 
could be explained by a radial pulsation in which maximum light and earliest spectral 
class go with minimum diameter and vice versa, without a phase-lag. An explanation 
by variable oblateness is possible but much less probable. 


THE LIGHT-CURVE 


The variability of the star B.D.+69°417 was first detected by 
Mme Ceraski' in 1907 from an examination of plates taken by M.S. 
Blazko between 1899 and 1906. Shortly after, Blazko* derived its 
magnitudes from these plates and concluded that the star varies 
from 8.0 to 9.1 mag. ina period of 22427, and with M—m=945. Sev- 
eral series of observations of the light of this variable (designated RU 
Camelopardalis) have been made. Especially important are those 

t Astronomische Nachrichten, 174, 80, 1907. 2 [bid., 175, 327, 1907. 
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by Luizet,’ Ichinohe,? Shapley,? Haas,‘ Silva,’ and Leiner.® All 
except Haas and Leiner have published curves derived from their 
observations. Luizet and Ichinohe have indicated a very slight sec- 
ondary minimum about midway between primary minima, while the 
other two have preferred to draw curves of continuous variation. 
It seems to the writer that the former might well have done like- 
wise. In that case three of the four curves would have been nearly 
alike in shape with M —m equal to 9 or todays. Shapley’s curve dif- 
fers somewhat in having M—m equal to one-half the period. The 
work of Haas, Silva, and Leiner carries the photometric observations 
to 1923 and makes it desirable to readjust the formula for minimum 
light. 
Luizet, Shapley, and Silva have given the dates of minimum in- 
dicated by their observations. Ichinohe has not done this, but his 
results agree with those of Luizet, and so need not be considered 
separately. Dates for minimum light have been derived by the 
writer from the observations of Haas and Leiner. In addition, three 
earlier dates are known when this star appeared to be unusually 
faint. 

Table I gives the Julian Day in Greenwich Mean Astronomical 
Time for the fifty-four observed minima and for the three early 
dates. The residuals obtained by comparirig these fifty-seven dates 
with those given by Luizet’s formula (Minimum =J.D. 2417610.96 
+224172E, G.M.A.T.) indicate that his formula needs revision. 
Slight modifications by trial and error were made in both epoch and 
period; in the first, in order to give a mean residual of zero for Nos. 
4-29 in Table I, and in the second, to accomplish a like result for 
the last ten entries. The modified formula is 


Minimum=J.D. 2417611.054+22%1622 E (G.M.A.T.) . 


The residuals are in the fourth column of Table I. Those for Nos. 4- 
57, inclusive, are little, if any, larger than residuals given by for- 


1 Ibid., p. 332; 193, 83, 1912. 2 Ibid., 180, 363, 1909. 
3 Laws Observatory Bulletins, 2, 71 (No. 21), 1913. Discussion based on observa- 
tions by Seares, Haynes, and Shapley. 


4 Astronomische Nachrichten, 220, 342, 1924. 
5 Societd Astronomica Italiana, Memorie, N.S., 2, 191, 1922. 
6 Astronomische Nachrichten, 219, 207, 1923. 
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mulae derived from considerably shorter intervals. In addition, 
those for the three epochs when the star was unusually faint—in 
1888, 1894, and 1896—are, at the worst, little in excess of one day. 
Since all known minima are accounted for over an interval of thirty- 


TABLE I 
Mrntua For RU CAMELOPARDALIS* 

No. J.D. (G.M.A.T.) E O-C No. J.D. (G.M.A.T.) E O-C 
Rasa 2410675 —313 | +097 BO mech 2418519 .00 41 —o%70 
aie Se tes 2868 —214 —0.3 Chile oor 86.70 44 aie a! 
Be os 3001 —181 [1-3 Le rere 8741.90 St + .57 
Arai 7670.5 3 it OA! II 3 Sarees 63.20 52 —0.29 
BIER ves 99.0 4 Oa On ||eQa nce. 86.90 53 +1.25 
Onna 7722.0 5 Ta det) 35's ees 8940.00 60 —0.79 
Vieaar ek 44.0 6 = OF. || 30> wera 63.00 61 + .05 
Serer 66.3 7, or pete ell | ey fo eseeee QO51.90 65 +0.30 
Oi aris 88.2 8 = DH) || BOs seme 74.80 66 +1 .04 
ie hams See 7855.1 Ir —+"<26 || 30..... 9140.70 69 +0.45 
Tae ae 7943.6 15 —-- .II |} 40..... 9229 .60 rhe + .70 
Awe 7966.0 16 Ste eS Sills Aliccate.s 52.00 74 + .O4. 
D3 eaysteis 8010.8 18 tar OS | A2c es 9339 .80 78 + .10 
WS Geos 225% 19 — Of || 434.3... 9450.40 83 —0.12 
TS 54.3 20 SOOM ae et, 74.40 84 +1.72 
Omir es 77.0 21 atm BAC AS os «ors 96.90 85 +2.06 
U Yiceotercts 99.0 22 + .38 || 46..... 9539-70 87 +0.54 
TS ee eles 8121.1 23 | + .32 || 47 2420493 .32 130 | +1.18 
AKO TE toh fee 43.0 24 t= ORG Hl AO en. 2487.40 220 +0.66 
2O mae: 8364.5 34 mn || LAO sous 2576.40 224 +1.01 
QT a icia vic 87.4 35 a 07. | 5Ontye a: 2041.75 227 —9.12 
oe ate 7655.20 2 mien | Mey Gere eae 2818.60 235 — .57 
22 eats 99.10 4 mn OD lb 2 cays as 41.70 236 + .37 
AR oe 7743 .80 6 meee tall Wek reece 2907 .80 230 — .02 
25 67.00 7 + .81 || 54..... 30.10 240 + .12 
Oe 8121.40 23 OrO2) |i Sha sicis 3120.35 249 —0.09 
7 reed oe 44.60 24 —TcOs! HinsGiaarce 3283.40 256 —1.18 
Chat Aor 8232.00 28 +0.40 |] 57..... 61.70 255 —0.72 
Bin Nes, 5 8364.50 34 —0.07 


* Sources for data: 
Minima Nos. 1, 2, 3, Astronomische Nachrichten, 1'74, 80, 1907. 
4-21, Haynes, Laws Observatory Bulletins, 2, 71, 1913. 
22-47, Luizet, Astronomische Nachrichten, 193, 83, 1912. 
48-56, Leiner, ibid., 219, 207, 1923. 
57, Haas, ibid., 220, 342, 1924. 


five years, the foregoing formula for light minimum has been 
adopted. 

Silvat has published the four curves from the observations of 
Ichinohe, Luizet, Shapley, and himself. The curve at the bottom 
of Figure 1 is based on Leiner’s observations, which have been 


t Op. cit., 2, 201, 1922. 
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grouped into normal places covering phase-intervals of one-half day, 
the phases being reckoned by the adopted formula. All the curves 
agree in showing a sharp minimum, a blunt maximum, and a varia- 
tion that is probably continuous. 

The shape of the light-curve presents some difficulties. Shapley* 
has interpreted it as the result of an ellipsoidal star in revolution on 
its minor axis, which, for i=9o°, would be 42 per cent of the major 
axis in the case of uniform brightness, or 62 per cent for complete 
darkening at the limb. Others have classified RU Camelopardalis 
as a Cepheid variable. 


SPECTRUM AND RADIAL VELOCITY 


The Henry Draper Catalogue contains the remark, ““The spec- 
trum varies. At maximum it is Ko, having a wide absorption band 
near the wave length 4227. At minimum it is of Class Ro.” 

Observations with a slit spectrograph were made at this Observa- 
tory from February, 1919, to May, 1928. The faintness and late 
spectral type of RU Camelopardalis, especially at minimum, make 
it at best a difficult object for spectrographic observation. Further- 
more, it is too far north to be reached with the 1oo-inch reflector. 
It was necessary, therefore, to use the 60-inch reflector and a one- 
prism spectrograph with a short-focus camera giving a dispersion 
of 74 A per millimeter at Hy. The data for the twenty-four usable 
spectrograms are given in Table II. The velocities in each case are 
means of at least two measures, usually one with the Gaertner 
micrometer measuring machine and one with the Hartmann spec- 
trocomparator. 

The thirty-five-year interval during which light minima are rep- 
resented by the adopted formula overlaps nearly one-half of the 
interval covered by the spectrograms. The formula should there- 
fore give reliable phases for the spectrograms, to be used in finding 
the relation of the velocity- and light-curves. These phases appear 
in Table IT. 

The change in spectral type mentioned in the Henry Draper 
Catalogue is certainly present. Some of the slit spectrograms show 
another spectral distinction in that emission lines of hydrogen ap- 

1 OP. cit., 2, 82 (No. 21), 1913. 
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pear on a spectrum of class Ro. These are designated by Roe in 
Table II. For the two other types observed, Ko and Ro, the hydro- 
gen lines are in absorption. 

The top of Figure 1 shows the radial velocities plotted against 
phase. The phase durations for the three spectral classes are de- 
noted by horizontal lines between brackets and shown below. 


TABLE II 
OBSERVATIONS OF RU CAMELOPARDALIS 


Plate No. Date G.M.A.T. Phase Vel. Type 
km/sec 
WTO Toone ser « 1919 Feb. 13 198 20™ 49636 — 8.9 Roe 
OU Leama ae Mar. 17 IQ 55 14.498 35.0 Ro 
BOLO men cee crea: Apr. 9 16 55 T5e2ro 36.8 Ro 
SSD Oe lerepescist cto Apr. 20 IQ 35 4.160 14.6 Roe 
TWOP. Uo fee ace Se 1923 Oct. 28 23 45 16.331 ares Ro 
QDR avarella state? felis et 20 23° 52 L7Reah 30ar Ro 
QA 2 ante ee iete 4/a%< 1924 Jan. 18 21 20 9.580 24.2 Ko 
DANI emer eves srevane Jan. 19 17 40 10.428 30.4 Ko 
MAO metas cies es Feb. 18 18 22 18.2096 33-4 Ro 
WEG OS cree see cieceie Feb. 19 Ig 12 IQ .330 28.7 Ro 
35 OS ers tes estas Feb. 20 16 30 20.218 30.1 Ro 
MS OAC Marans sisters Oct. 18 O21 16.761 31.8 Ro 
NOW Onmeprcaeusvrate = 1925 Jan. 6 17. 20 8.779 19.6 Ko 
MSRAQE rod cic arsS.s Apr. 2 16 39 6.142 4.4 Roe 
Ta OO mercer ee cio Sept. 24 o II 3.159 8.4 Roe 
Reg Ae ceteiatore ase ats Sept. 25 © 38 Day B20 Roe 
TAOO2 Meicicyetatherre.« 1926 Jan. 25 I7 00 16.048 26.4 Ro 
WAT 8 Otrre cerse 1927 Jan. 16 22 00 17.661 36.4 Ro 
TAOS erarctdee srateiencis Mar. 15 18 23 Q .024 26.9 Ko 
MAO Onveorenarelen os Mar. 19 17 42 12.996 27.4 Ko 
TA GZ Onrmis sence « Apr. 20 16 56 0.639 30.6 Ro 
TS SE Gite aivie cole ies Oct. 23 23 05 21.760 33.8 Ro 
TEOMA kerielee see 1928 Mar. 6 18 35 II .437 Deh Ko 
ERTS OVrereea are tcleetale May 2 17 09 1.891 —22.2 Ro 


The intervals are phase 323-623 for Roe, 828-1340 for Ko, 
and 14%2-1%9 for Ro. In other words, Ko covers maximum light, 
Ro extends from 840 before to 1%9 after minimum light, and Roe 
coincides roughly with maximum velocity. Within each interval are 
indications of progressive spectral changes. The emission lines of 
hydrogen appear to have their greatest strength near velocity maxi- 
mum. The absorption of Hy tends to increase with phase during 
the Ko stage. The spectrograms taken nearest to minimum light 
seem to have the strongest carbon bands. The bands appear weak- 
est at the beginning of the Ro stage and at the end of the Roe stage. 
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The velocity evidently varies in the same period as the light. 
Although the variation in light and velocity cannot be interpreted 
as the result of orbital motion, the velocity variation is conveniently 
described by the six elements of such a motion. The period is as- 
sumed to be known, and the other five elements were found from 
the plotted velocities by Russell’st method. The curve based upon 


km/sec. 
ro) 


=TO 


=—20 


9.0 
-4 
Phase 
Fic. 1.—Upper part, radial velocities, and radial-velocity curve of RU Camelo- 
pardalis with the intervals for its three spectral types indicated underneath. The light- 
curve from Leiner’s observations appears in the lower section of the figure. 


these elements is shown with the plot of the velocities and evidently 
gives as faithful an approximation to the observations as can be ex- 
pected with the low dispersion used. The broken horizontal line 
shows the velocity of the system. The six elements are: 


P=2241622 
K=14.9 km/sec. 
€=0.325 
@ = 322° 
T=3%4 after minimum light 
=J.D. 2417614.454 G.M.A.T. 
"Y= — 23.9 km/sec. 


t Astrophysical Journal, 40, 282, 1914. 
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Figure 1 shows that minimum light is nearly coincident with the 
epoch when the velocity changes from approach to recession, and 
maximum light with the change from recession to approach. Fur- 
ther, maximum velocity corresponds approximately to the phase of 
median magnitude on the rising branch of the light-curve, and 
minimum velocity to that magnitude on the falling branch. 

The correspondence of the earliest spectral class with light maxi- 
mum and of the latest with light minimum might be cited as evidence 
of Cepheid variation, were it not for the fact that in all other respects 
the evidence is against it. Velocity minimum does not correspond 
with light maximum nor velocity maximum with light minimum, 
and the interval from velocity maximum to velocity minimum is 
nearly 70 per cent of the period, whereas in the majority of Cepheids 
this interval has been found to be less than one-half of the period. 
It is well also to point out that if the velocity variation is the result 
of a symmetrical pulsation of a spherical star, light minimum is 
nearly coincident with maximum diameter and vice versa, and that 
no phase-lag of temperature with respect to velocity need be postu- 
lated as for Cepheids. 

Furthermore, the existence of a variation in the radial velocity 
is inconsistent with Shapley’s assumption that a single rotating 
ellipsoid explains the light-curve. Another way out, which he men- 
tions as less likely, is to assume that the star is spotted; but difficul- 
ties arise in trying to explain with this mechanism the relation here 
found between the light- and the velocity-curves. 

The light-curve could be harmonized with the velocity-curve 
were it permissible to make the rather artificial assumption of a 
spheroidal star whose axis of rotation points nearly toward the ob- 
server and which, with nearly constant volume, pulsates through 
varying degrees of oblateness with little if any change in surface 
brightness. At phase 1027 (Fig. 1) the stellar matter ceases to re- 
cede, the spheroid reaches its greatest oblateness, the surface pre- 
sented to an observer on the earth is a maximum, and light maxi- 
mum occurs. At phase 140+ the stellar matter ceases to approach, 
least oblateness occurs, the disk presented to the observer is a mini- 
mum, and light minimum takes place. The median spheroids should 
be attained near the phases of maximum and minimum velocities 
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which are nearly coincident with the two phases for median magni- 
tude. The relations of light- and velocity-curves are thus accounted 
for at the four crucial points. 

Whether the spectral changes, which must represent modifica- 
tions of the conditions of temperature, pressure, gravity, etc., in 
the atmosphere of the star, can be accounted for by such a system 
is not clear. It is, however, futile to speculate upon the explanation 
until more is known about the difference between the atmospheres 
of stars of spectral classes K and R. 

The appearance of emission lines at the time of maximum veloc- 
ity of recession has an analogy in the spectra of some other stars. 
For example, emission lines in the spectra of the two components 
of the companion to Castor" are relatively stronger when their 
source is receding. Further, a study of the spectrum of AC Herculis 
now in progress shows that emission lines appear at maximum veloc- 
ity of recession. No satisfactory explanation of these peculiarities 
has yet been found. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
September 1928 


* Mt. Wilson Contr., No. 320; Astrophysical Journal, 64, 250, 1926. 
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CONFERENCE ON THE MICHELSON-MORLEY 
EXPERIMENT 
HELD AT THE MOUNT WILSON OBSERVATORY 
PASADENA, CALIFORNIA 
FEBRUARY 4 AND 5, 1927 


The presence of Professor A. A. Michelson and Professor H. A. 
Lorentz in Pasadena in the early months of 1927 offered an excep- 
tional opportunity for a conference on the theoretical and practical 
aspects of the Michelson-Morley experiment. Since Professor 
Michelson had planned, with the co-operation of the Mount Wilson 
Observatory, to repeat the experiment, such a conference was 
especially desirable. This was arranged largely on the initiative of 
Dr. Charles E. St. John. The experimental side was further pre- 
sented by Dr. Roy S. Kennedy. This was supplemented by a 
mathematical treatment of the light-path by Professor E. R. Hed- 
rick, as developed by himself and Professor L. Ingold, and by an 
account presented by Professor P. S. Epstein of the Trouton-Noble 
experiment, recently repeated at the California Institute of Tech- 
nology by Chase, and of other recent experimental investigations. 
Illuminating discussion followed the presentation of the general re- 
ports. The shorthand notes were taken by Dr. Fritz Zwicky and 
Glenn H. Palmer, of the California Institute. These have been re- 
viewed by the authors. 

The addresses by Professors Michelson and Lorentz were fol- 
lowed by a detailed account of the results obtained by Professor 
D. C. Miller, who, fortunately, was also able to be present. 


REPORTS 


I. PROFESSOR A. A. MICHELSON (UNIVERSITY OF CHICAGO) 


In 1880 I conceived for the first time the idea that it should be 
possible to measure optically the velocity w of the earth through the 
solar system. There had been earlier attempts to discover first-order 
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effects, based on the idea of a system moving through a stationary 
ether. (First-order effects are proportional to w/c, where c=light- 
velocity.) Talking in terms of the beloved old ether (which is now 
abandoned, though I personally still cling a little to it), one might 
have expected that the aberration of light would be different for a 
telescope filled with air and with water, respectively. The experi- 
ments, however, showed, contrary to the then-established theory of 
light, that no such difference was present. 

Fresnel’s theory was the first to account for this result. Fresnel 
assumed that matter was able to drag along the ether partially 
(entrainment of ether), giving it a velocity w’, so that 


w'=pw. 


He was able to determine p (Fresnel’s coefficient) in terms of the 
refractive index pu: 


This coefficient is easily obtained from the negative result of the fol- 
lowing experiment. Two 
Wt light-beams travel along 

the path (Fig. 1; 0, 1, 2, 
3 3, 4, 5) in opposite di- 

rections and give rise 

to a set of interference 

fringes. J is a tube filled 

with water. Now if the 
whole system moves with the velocity w through the ether, a shift of 
fringes would be expected on moving the tube from position J to /T. 
No displacement is observed. By assuming a partial entrainment of 
the ether, Fresnel’s coefficient p may readily be determined from this 
experiment. It may also be found in a very simple and direct 
fashion with help of the Lorentz transformation. 

Fresnel’s result was accepted universally by investigators of his 
time, including Maxwell, who pointed out that, while there could be 
no first-order effects, there might, nevertheless, be second-order 
effects (proportional to w*/c?). Now with w~30 km/sec. for the 
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motion of the earth, w/c=1074, and w*/c?=107°, a quantity too 
small to be measured, according to Maxwell. 

It seemed to me, however, that by making use of light-waves, one 
might devise an adequate arrangement for measuring such second- 
order effects. Consider an apparatus, including mirrors, moving 
with the velocity w through the ether. Suppose two light-beams to 
travel back and forth in the apparatus, one parallel to w, the other 
at right angles to w. According to the classical theory, the change 
in light-path resulting from w should be different for the two beams 
and produce an appreciable shift of the interference fringes. The 
first device tried for the measurement of second-order effects is indi- 
cated in Figure 2. This arrangement, however, involved very great 


SOURCE 


HEY 


SOURCE FRINGES 


Fic. 2 Fic. 3 


difficulties and was soon abandoned; and fortunately, because it led 
to the construction of the interferometer, which has proved of great 
value in many subsequent experiments. 

The interferometer (Fig. 3) is known to all of you. A set of 
fringes is obtained by superposition of the two beams traveling from 
the source to a glass plate and then to mirrors 1 and 2, respectively, 
and back. If white light is used, the central fringe will be white and 
the side fringes will be colored. A motion of the apparatus with the 
velocity w through the ether should have much the same effect on 
the light as a stream of water would have on a boat trying to go once 
forth and back across the stream, and once down and then back up 
the stream. The time for getting forth and back a given distance 
will be different for the two cases. This is easily seen, because, how- 
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ever swift the current, the boat in its transverse journey could 
always return to the bank from which it started, whereas, in the sec- 
ond case, it might be unable to get back up stream against the 
current. 

I tried the experiment at Berlin in Helmholtz’ laboratory, but 
the vibrations of the city traffic made it impossible to get steady 
fringes. The apparatus was transferred to the observatory at Pots- 
dam. I have forgotten the name of the director (I think it was 
Vogel), but I remember with pleasure that he was immediately 
interested in my experiment. Though he had never seen me before, 
he put the whole observatory with its staff at my disposition. I got 
a zero result in Potsdam. The accuracy was not very high, because 
I had a light-path of only about 1 m. Still it is interesting that the 
results were quite good. Coming back to America, I had in Cleve- 
land the good fortune to secure the co-operation of Professor Morley. 
The apparatus then used was the same in principle as that used in 
Berlin, although the light-path was made Jonger by introducing a 
number of reflections instead of a single one. The path was in fact 
about ro-11 m long, which should have yielded a displacement of 
half a fringe, due to the orbital motion of the earth. But no dis- 
placement was found. The shift of fringes was certainly less than 
1/20 and may be even 1/40 of that predicted by the theory. The 
result could be accounted for by the assumption that the earth drags 
the ether along nearly at its full speed, so that the relative velocity 
between the ether and the earth at the surface is zero or very small. 
This assumption, however, is a very dubious one because it contra- 
dicts some other important theoretical considerations. Lorentz then 
suggested another explanation (Lorentz contraction) which in its 
final form yielded as a result the famous Lorentz transformation 
equations. These contain the gist of the whole relativity theory. 
The Michelson-Morley experiment was continued by Morley and 
Miller, who again obtained a negative result. Miller then continued 
alone, and seems now to get some positive effect. This effect, how- 
ever, has nothing to do with the orbital motion of the earth. It 
seems to be due to a velocity of the solar system relative to stellar 
space, which may be much greater than the orbital velocity. 

The observations of Mr. Miller have stimulated new interest in 
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the problem. An excellent piece of work has already been done by 
Mr. Kennedy, whose report you will hear. I intend myself to go over 
the experiments again, but several months may pass before I shall 
be able to give my results, which, I hope, will shed more light on the 
subject. 


II. PROFESSOR H. A. LORENTZ (LEIDEN, HOLLAND) 


The motion of the earth through a hypothetical ether (talking in 
historical terms) might have an effect on different phenomena. The 
first relevant phenomenon found experimentally was the aberration 
of light. It was discussed on the basis of the emission theory and 
also on the wave theory in the form Fresnel had given it. From 
Fresnel’s point of view we may argue as follows: We draw our 
diagrams in a system of co-ordinates which is fixed to the earth. 
In this system all ponderable matter is at rest. But the ether may 
move through it. Say the velocity of the ether is w. If the ether 
does not move, then the velocity of light through matter would be 
u=C/ (uw =index of refraction; c= velocity of light). Now let an ele- 
mentary wave be formed around P. This after the time dé will be a 
sphere of radius udi. The center O of this wave will, however, not 
coincide with P, being displaced over a distance kwdt, where 1—k 
is Fresnel’s coefficient 1—1/u?=p. Thus 
k=1/p?. PQ is a ray of light. (We denote g 
by v the velocity of the rays of light.) 

We have then from Figure 4, in which 
PQ=vdt, PO=kwdt, and OQ=udt, the re- 
lation 

PQ:PO:0Q0=v:kwiu. P 0 
Thus oo 
w=v+k?w?—2kv cos 0. (1) 


The derivation of this formula is based on Huyghens’ principle 
and Fresnel’s entrainment. Huyghens’ principle can be used in any 
case. One has simply to follow the elementary waves and to con- 
struct the successive wave fronts. As to the coefficient of entrain- 
ment, I mention that Fresnel found it at first on a mechanical basis 
from his elastic theory of light. This was a very remarkable per- 
formance at that time. 
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If we neglect terms in w* we find 


v=utkw cos v, 
I rt kw 
—~=——— cosd 
De ai 


The course of a ray of light between given points is determined 
by the condition (Fermat’s principle) 


o=6d Gs 
v 
or 
os | (S—% cos d as) , (2) 
UU ; 
Suppose now 
k 
—=const., 
u 


that is, k is inversely proportional to yw”. For w=1, there is nec- 
essarily k=1. Thus it follows that 
k=-. 

i; 


The second term in (2) becomes then 


I * 
_f 1 008 8 as. 
CP 


Now let the motion of the ether in our diagram be irrotational, so 
that w depends on a velocity potential ¢, 

w=grad ¢. 
Then the integral 

ir w cos J ds 


for a path between two given points P and P’ becomes 


'P’ 
i ee 
if as ds=gp'—¢p . 


This has the same value for all paths, and the condition (2) becomes 
simply 

ds __ 
a 


6 or 
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as if there were no ether motion. Thus we conclude that the course 
of the ray is not altered by the motion of the ether. 

The considerations given above also include cases of reflection 
and diffraction. 

Now let there be two paths, 1 and 2, for a ray of light from a 
given point P to another given point P’. The time required for light 
going over them is, for the first path, 


{&- (8-2 (» cos dds, 
oe s)he eces Be 


and, for the second path, 


The last terms in these expressions are equal. Therefore, the differ- 
ence between the two times is not altered by the motion of the ether. 
This motion, then, has no influence on phenomena either of inter- 
ference or of diffraction. 

It may be remarked that the difference between the times just 
considered will be altered by the motion of the ether if this motion 
is not irrotational. The change is given by the difference of the two 
integrals 


fiw cos v ds and fiw cos v ds 


taken for the two paths between P and P’. For this difference one 
can write the line integral of the velocity w taken over the closed 
circuit formed by the two lines. 

Let us consider, for instance, the earth’s rotation. If the ether is 
stationary, its motion relative to the earth will be a rotation in the 
opposite direction. If now a large horizontal circuit fixed to the 
earth, e.g., a rectangular one, is traveled over in opposite directions 
by two beams of light, the relative motion of the ether will change 
the position of the fringes produced by the interference of these - 
beams. This effect has been observed by Professors Michelson and 
Gale. 
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In the following there will be no question of the rotation of the 
earth; the annual aberration only will be considered. For the ex- 
planation of this the foregoing considerations suffice. If, at a point 
at some distance from the earth, the direction of the rays coming 
from a star is given in a system of co-ordinates in which the earth 
is moving, one can deduce from that the direction of the rays 
in a system of co-ordinates fixed to the earth, and the further 
course of these relative rays is determined by the ordinary laws of 
optics. 

We proceed with the discussion of some special theories. In 
Fresnel’s theory the ether is supposed to be at rest; its motion rela- 
tive to the earth may be considered as a uniform translation, which, 
obviously, is irrotational. It is necessary to introduce the dragging 
coefficient because the ether moves through the ponderable bodies 
(lenses) contained in our instruments of observation. 

Stokes proposed a theory in which the ether was supposed to 
have an irrotational motion, such that at all points of the earth’s 
surface its velocity is equal to that of the earth. By this latter as- 
sumption he could avoid the introduction of Fresnel’s coefficient. 

However, at least when the ether is supposed to be incompres- 
sible, Stokes’s assumptions contradict each other. If a sphere moves 
with a constant velocity in an incompressible medium, the motion 
of the medium is completely determined by the condition that it is 
irrotational and that, in the direction of the normal to the surface, 
a point of the sphere and the adjacent medium have the same 
velocity. In a tangential direction the two velocities will necessarily 
be different. 

So far as aberration is concerned, a modification of Fresnel’s 
theory is certainly admissible. When we admit his value of the 
dragging coefficient, we may assume the existence of any motion of 
the ether, provided that it be irrotational. In fact, this is a neces- 
sary condition. Suppose, for instance, that over a part of the earth’s 
surface which may be considered as plane the ether flows in a hori- 
zontal direction x with a velocity w, increasing with the height y 
above the earth. This motion would not be irrotational and would 
not lead to the observed aberration. Since the existence of a velocity 
potential requires the equality of the derivatives dw,/dy and dw,/dx, 
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the observed aberration can exist only when, in addition to the sup- 
posed motion in a horizontal direction, there is a vertical velocity 
of the ether of sufficient magnitude, varying from one point of the 
surface to the other. 

So far there was question of first-order effects only, i.e., of effects 
that would be proportional to the first power of the ratio between the 
velocity of the earth and the speed of light. In almost all cases in 
which astronomers and physicists have tried to detect an influence 
of the earth’s motion on optical and electromagnetic phenomena, 
only effects of this order of magnitude could have been observed. 
The fact that all these attempts have been fruitless, and that this 
could be accounted for by theoretical considerations of the kind just 
preceding, led by and by to the conviction that the motion of the 
earth can never produce a first-order effect. This conviction was 
greatly strengthened when Einstein developed his theory of rela- 
tivity and simply postulated that the result of all experiments which 
we perform in our laboratories must be independent of the motion 
of the earth, whatever may be the refinement of our measurements 
and the order of the effects which we can reach by them. To the 
experimental evidence which we already had, the charm of a beauti- 
ful and self-consistent theory was then added. 

Historically, I might add that before the relativity theory was 
developed the situation was somewhat similar to that which now 
characterizes the quantum problem. There were, of course, not so 
many people working in the field as there are now. Nevertheless, we 
had often very lively discussions about the subject. I remember 
especially the assembly of the German Society of Natural Sciences 
in Diisseldorf in 1898, at which numerous German physicists were 
present, Planck, W. Wien, Drude, and many others. We discussed 
especially the question of the first-order effects. Some devices with 
which such an effect might be observed were proposed, but none of 
these attempts was ever made, so far as I know. The conviction 
that first-order effects do not exist became by and by too strong. 
We even got, finally, into the habit of looking only at the summary 
of experimental papers which dealt with such effects. In case the 
result was properly negative we felt perfectly satisfied. 

As to the second-order effect, the situation was much more diffi- 
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cult. The experimental results could be accounted for by transform- 
ing the co-ordinates in a certain manner from one system of co- 
ordinates to another. A transformation of the time was also nec- 
essary. So I introduced the conception of a local time which is differ- 
ent for different systems of reference which are in motion relative to 
each other. But I never thought that this had anything to do with 
the real time. This real time for me was still represented by the old 
classical notion of an absolute time, which is independent of any 
reference to special frames of co-ordinates. There existed for me only 
this one true time. I considered my time transformation only as a 
heuristic working hypothesis. So the theory of relativity is really 
solely Einstein’s work. And there can be no doubt’ that he would 
have conceived it even if the work of all his predecessors in the 
theory of this field had not been done at all. His work is in this 
respect independent of the previous theories. 

I shall have little to say about the theory of the Michelson- 
Morley experiment, which was the first ever made of those in which 
we are concerned with effects of the second order. That here again 
the result must be negative is immediately clear if we follow the 
theory of relativity. If, instead of that, we apply to the experiment 
our old stationary ether, we must carefully consider the paths of the 
interfering rays of light and the time in which the light is propagated 
along each of them from the source of the point where the inter- 
ference takes place. 

For this purpose we can again use the fundamental equation (1). 
Confining ourselves to the propagation in ether, we may put u=c, 
k=1 so that the equation becomes 


2=v+w?—2vw cos 0 


Taking into account terms of the second order w*/c?, we deduce from 
it 
pme(r+% cos 3 —— sin? 3) , 
C 207 
£ w fs 
ere I—" COs I+— (cos? ?-+-4 sin? ?) ‘ 
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Now let there be two paths, 1 and 2, along which light can go from 
the point P to the point P’ (Fig. 5). For each of them the time re- 
quired for propagation will be represented by expressions of the form 


fB-2fas—3 fw cos & ds+-+ w? (cos? +3 sin? 3) ds, (3) 
v G C2 3 


and we shall be able to calculate the two times, if we know the 
lines along which the integrals are to be taken. Let the lines /, and 1, 
(Fig. 5) represent the paths of the two rays as they would be if the 
ether did not move through the diagram. 
As has been shown, these lines are not 
altered by the motion so long as we confine 
ourselves to terms of the order w/c. They 
may, however, be somewhat changed 
when, as is now proposed, quantities of 
the second order are taken into account. 
We shall then have, for instance, the dotted 
lines 7; and li whose distances from /, 
and /,, reckoned along the normals to 
these lines, are of the second order. We must now calculate the 
times of propagation for the paths J; and Ll}, say Tit and Tl;. Since, 
however, T is a minimum for /,, as compared with neighboring lines, 
and since the displacements from /, to /{ are of the second order, 
the difference between T7/, and T/; will be of the fourth order. This 
may be neglected when we confine ourselves to quantities of the 
second order. Similarly, we may replace Tl; by Tl,. This means 
that, in the determination of the phase differences, we may use the 
values of (3) for the rays, such as they would be according to the 
ordinary laws of optics in the absence of the earth’s motion. 

We are thus led to the ordinary theory of the experiment, which 
would make us expect a displacement of the fringes, the absence of 
which is accounted for by the well-known contraction hypothesis 
(Lorentz contraction). 

Asked if I consider this contraction as a real one, I should 
answer “‘yes.”’ It is as real as anything that we can observe. 
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III. PROFESSOR DAYTON C. MILLER (CASE SCHOOL 
OF APPLIED SCIENCE) 

The experiments on which I shall report today seem to lead to 
conclusions which are in contradiction to the common interpreta- 
tion of the Michelson-Morley experiment. To make the story com- 
plete, I shall start with the conclusion of the experiments performed 
by Michelson and Morley in 1887, in Cleveland, which were in- 
terpreted as giving no indication of an ether drift. Dr. Lorentz, in 
1895, proposed the first explanation for this unexpected result by 
assuming that the motion of translation of a solid through the ether 
might produce a contraction in the direction of the motion, with 
extension transversely, the amount of which is proportional to the 
square of the ratio of the velocities of translation and of light, and 
which might have a magnitude such as to annul the effect of the 
ether drift in the Michelson-Morley interferometer. The optical 
dimensions of this instrument were determined by the base of sand- 
stone on which the mirrors were supported. If the contraction de- 
pends upon the physical properties of the solid, it was suggested that 
pine timber would suffer greater compression than sandstone, while 
steel might be compressed in a lesser degree. If the compression 
annuls the expected effect in one apparatus, it might in another ap- 
paratus give place to an effect other than zero, perhaps with the 
contrary sign. 

At the International Congress of Physics, held in Paris in 1900, 
Lord Kelvin gave an address in which he considered theories of the 
ether. He remarked that “the only cloud in the clear sky of the 
theory was the null result of the Michelson-Morley experiment.” 
Professor Morley and the writer were present, and in conversation 
Lord Kelvin expressed the conviction that the experiment should 
be repeated with a more sensitive apparatus. The writer, in col- 
laboration with Professor Morley, constructed an interferometer 
about four times as sensitive as the one used in the first experiment, 
having a light-path of 214 feet, equal to about 130,000,000 wave- 
lengths. In this instrument a relative velocity of the earth and ether 
equal to the earth’s orbital velocity would be indicated by a dis- 
placement of the interference fringes equal to 1.1 fringes. This is the 
size of the instrument which has been used ever since. The optical 
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parts were all new, and nothing was used from the original apparatus 
excepting the mercury tank and its wooden float. 

Such an instrument with a base made of planks of pine wood was 
used at Cleveland, in 1902, 1903, and 1904, for the purpose of 
directly testing the Lorentz-FitzGerald effect, but the changes in the 
wooden frame due to the variations in humidity and temperature 
made it difficult to obtain accurate observations. A new supporting 
frame was designed by Professor F. H. Neff, of the department of 
civil engineering of the Case School of Applied Science, the purpose 
being to secure both symmetry and rigidity. This frame, or base, 
was made of structural steel and was so arranged that the optical 
dimensions could be made to depend upon distance-pieces of wood, 
or upon the steel frame itself. Observations were made with this ap- 
paratus in 1904. The procedure was based upon the effect to be 
expected from the combination of the diurnal and annual motions 
of the earth, together with the presumed motion of the solar system 
toward the constellation Hercules with a velocity of 19 km/sec. On 
the dates chosen for the observations there were two times of the 
day when the resultant of these motions would lie in the plane of 
the interferometer, about 11:30 A.M. and 9:00 P.M. The calculated 
azimuths of the motion would be different for these two times. The 
observations at these two times were, therefore, combined in such 
a way that the presumed azimuth for the morning observations 
coincided with that for the evening. The observations for the two 
times of day gave results having positive magnitudes but 
nearly opposite phases; when these were combined, the result was 
nearly zero. The result, therefore, was opposed to the theory then 
under consideration; but according to the ideas which will be set 
forth later in this address it now seems that the superposition of 
the two sets of observations of different phases was based upon an 
erroneous hypothesis and that the positive results then obtained are 
in accordance with a new hypothesis as to the solar motion. Our 
report of these experiments published in the Philosophical Magazine 
for May, 1905, concludes with the following statement: “‘Some have 
thought that this experiment only proves that the ether in a certain 
basement room is carried along with it. We desire therefore to 
place the apparatus on a hill to see if an effect can be there detected.” 

As an important factor I may mention the state of mind in 
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which we then performed the experiment. It was proposed to look 
for a certain effect in order to check a certain theory. We had definite 
pictures in our minds as to what should happen. We calculated the 
magnitude and azimuth of the effect from the theory and discussed 
our experimental results in relation to these specific expectations. In 
every case we found that the result was negative as to these expec- 
tations. But it was never numerically zero, not even in the original 
Michelson and Morley experiment. It was zero in so far as the 
motion of the earth in its orbit is concerned. The remaining effect, 
however, was large enough to be measured. Experiments were per- 
formed to prove that it was not due to magnetic deformation of the 
frame, nor to temperature disturbances, since the effect was sys- 
tematic. It was suggested that the ether might be entrained different- 
ly inside and outside of a masonry building. 

In the autumn of 1905, Morley and Miller removed the inter- 
ferometer from the laboratory basement to a site on Euclid Heights, 
Cleveland, free from obstruction by buildings, and having an alti- 
tude of about three hundred feet above Lake Erie and about eight 
hundred and seventy feet above sea-level. The house was purposely 
of very light construction, and was transparent (glass windows) 
in the direction of expected drift. Five sets of observations were 
made in 1905-1906, which give a definite positive effect of about 
one-tenth of the then-expected drift. Professor Morley retired from 
active work in 1906, and it devolved upon the present speaker 
to continue the experiments. It seemed desirable that further obser- 
vations should be carried out at a much higher altitude, but numer- 
ous causes prevented the resumption of observations. 

The deflection of the light from the stars by the sun, as predicted 
by the theory of relativity, was put to test at the solar eclipse of 1919. 
The results were widely accepted as confirming the theory. This 
revived the writer’s interest in the ether-drift experiments, the 
interpretation of which had never been acceptable to him. Through 
the kindness of President Merriam and Directors Hale and Adams, 
a site was provided at the Mount Wilson Observatory on the top of 
Mount Wilson, at an elevation of about six thousand feet. The 
ether-drift interferometer was set up here in February, 1921, and 
observations were carried on during the succeeding five years. 
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Observations were begun in March, 1921, using the apparatus 
and methods employed by Morley and Miller in 1904, 1905, and 
1906, with certain modifications and developments in details. The 
very first observation gave a positive effect such as would be pro- 
duced by a real ether drift, corresponding to a relative motion of the 
earth and ether of about 10 km/sec. But before announcing such a 
result it seemed necessary to study every possible cause which might 
produce a displacement of fringes similar to that caused by ether 
drift; among the causes suggested were magneto-striction and 
radiant heat. In order to test the latter, the metal parts of the inter- 
ferometer were completely covered with cork about one inch thick, 
and fifty sets of observations were made showing a periodic dis- 
placement of the fringes, as in the first observations, thus showing 
that radiant heat is not the cause of the observed effect. 

. In the summer of 1921 the steel frame of the interferometer was 
dismounted and a base of one piece of concrete, reinforced with 
brass, was cast in place on the mercury float. All the metal parts were 
made of aluminum or brass; thus the entire apparatus was free from 
magnetic effects and the possible effects due to heat were much re- 
duced. In December, 1921, forty-two sets of observations were made 
with the non-magnetic interferometer. These show a positive effect 
as of an ether drift, which is entirely consistent with the observa- 
tions of April, 1921. Many variations of incidental conditions were 
tried at this epoch. Observations were made with rotations of the 
interferometer clockwise and counter-clockwise, with a rapid rota- 
tion and a very slow rotation, with the interferometer extremely out 
of level, due to the loading of the float on one side. Many variations 
of procedure in observing and recording were tried. The results of 
the observations were not affected by any of these changes. 

The entire apparatus was returned to the laboratory in Cleve- 
land. During the years 1922 and 1923 many trials were made under 
various conditions which could be controlled and with many modi- 
fications of the arrangements of parts in the apparatus. An arrange- 
ment of prisms and mirrors was made so that the source of light 
could be placed outside of the observing-room, and a further com- 
plication of mirrors was tried for observing the fringes from a 
stationary telescope. Methods of photographic registration by 
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means of a motion-picture camera were tried. Various sources 
of light were employed, including sunlight and the electric arc. 
Finally an arrangement was perfected for making observations 
with an astronomical telescope having an objective of five inches 
aperture and a magnification of fifty diameters. The source of light 
adopted was a large acetylene lamp of the kind commonly used for 
automobile headlights. An extended series of experiments was made 
to determine the influence of inequality of temperature and of 
radiant heat, and various insulating covers were provided for the 
base of the interferometer and for the light-path. These experiments 
proved that under the conditions of actual observation the periodic 
displacement could not possibly be produced by temperature effects. 
An extended investigation in the laboratory demonstrated that the 
full-period effect mentioned in the preliminary report of the Mount 
Wilson observations is a necessary geometrical consequence of the 
adjustment of mirrors when fringes of finite width are used and that 
the effect vanishes only for fringes of infinite width, as is presumed 
in the simple theory of the experiment. 

In July, 1924, the interferometer was taken again to Mount 
Wilson and mounted on a new site where the temperature conditions 
were more favorable than those of 1921. The interferometer house 
was also mounted with a different orientation. Again the observa- 
tions showed a real periodic displacement of the fringes, as in all the 
observations previously made at Mount Wilson and at Cleveland. 

In spite of long-continued efforts, it was impossible to account for 
these effects as being due to terrestrial causes or to experimental 
errors. Very extended calculations were made in the effort to recon- 
cile the observed effects with the accepted theories of the ether and 
of the presumed motions of the earth in space. The observations 
were repeated at certain epochs to test, one after another, the 
hypotheses which were suggested. At the end of the year 1924, when 
a solution seemed impossible, a complete calculation of the then- 
expected effects, for each month of the year, was made for the first 
time. This indicated that the effect should be a maximum about 
April 1, and further, that the direction of the effect should, in the 
course of the twenty-four hours of the day, rotate completely around 
the horizon. Observations were made for verifying these predictions 
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in March and April, 1925. The effect was equal in magnitude to the 
largest so far observed; but it did not point successively to all points 
of the compass, that is, it did not point in directions go° apart at 
intervals of six hours. Instead of this, the direction merely oscillated 
back and forth through an angle of about 60°, having, in general, a 
northwesterly direction. 

Previous to 1925, the Michelson-Morley experiment has always 
been applied to test a specific hypothesis. The only theory of the 
ether which has been put to the test is that of the absolutely sta- 
tionary ether through which the earth moves without in any way 
disturbing it. To this hypothesis the experiment gave a negative 
answer. The experiment was applied to test the question only in 
connection with specific assumed motions of the earth, namely, the 
axial and orbital motions combined with a constant motion of the 
solar system toward the constellation Hercules with the velocity 
of about 19 km/sec. The results of the experiment did not agree with 
these presumed motions. The experiment was applied to test the 
Lorentz-FitzGerald hypothesis that the dimensions of bodies are 
changed by their motions through the ether; it was applied to test 
the effects of magneto-striction, of radiant heat, and of gravitational 
deformation of the frame of the interferometer. Throughout all these 
observations, extending over a period of years, while the answers 
to the various questions have been “‘no,” there has persisted a con- 
stant and consistent small effect which has not been explained. 

The ether-drift interferometer is an instrument which is gen- 
erally admitted to be suitable for determining the relative motion 
of the earth and the ether; that is, it is capable of indicating the 
direction and the magnitude of the absolute motion of the earth and 
the solar system in space. If observations were made for the de- 
termination of such an absolute motion, what would be the result, 
independent of any “expected” result? For the purpose of answer- 
ing this general question, it was decided to make more extended 
observations at other epochs in 1925, and this was done in the 
months of July, August, and September. 

It may be asked: Why was not such a procedure adopted be- 
fore? The answer is, in part, that we were concerned with the veri- 
fication of certain predictions of the so-called “classical” theories, 
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and in part that it is not easy to develop a new hypothesis, however 
simple, in the absence of direct indication. Probably a considerable 
reason for the failure is the great difficulty involved in making the 
observations at all times of day at any one epoch. I think I am not 
egotistical, but am merely stating a fact when it is remarked that 
the ether-drift observations are the most trying and fatiguing, as 
regards physical, mental, and nervous strain, of any scientific work 
with which I am acquainted. The mere adjustment of an inter- 
ferometer for white-light fringes and the keeping of it in adjustment, 
when the light-path is 214 feet, made up of sixteen different parts, 
and when it is in effect in the open air, requires patience as well as a 
steady ‘‘nerve” and a steady hand. Professor Morley once said, 
“Patience is a possession without which no one is likely to begin 
observation of this kind.” The observations must be made in the 
dark; in the daytime, the interferometer house is darkened with 
black paper shades; the observations must be made in a temperature 
which is exactly that of the out-of-door air; the observer has to walk 
around a circle about twenty feet in diameter, keeping his eye at the 
moving eyepiece of the telescope attached to the interferometer, 
which is floating on mercury and is turning on its axis steadily, at 
the rate of about one turn a minute; the observer must not touch 
the interferometer in any way, and yet he must never lose sight of 
the interference fringes, which are seen only through the small 
aperture of the eyepiece of the telescope, about a quarter of an inch 
in diameter; the observer makes sixteen readings of the position of 
the interference fringes in each turn, at times indicated by an elec- 
trical clicker; these operations must be continued without a break 
through a set of observations, which usually lasts for about fifteen 
or twenty minutes, and this is repeated continuously during the 
several hours of the working period. 

When observations are in progress, the interferometer to which 
the observing telescope is attached is caused to rotate on the mer- 
cury float so that the telescope points successively to all points of 
the compass, that is, it points to all azimuths. A relative motion of 
the earth and the ether should cause a periodic displacement of the 
interference fringes, the fringes moving first to one side and then to 
the other as referred to a fiducial point in the field of view, with two 
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complete periods in each rotation of the instrument. Beginning when 
the telescope points north, the position of the fringes is noted at 
sixteen equidistant points around the horizon. The azimuth of the 
line of sight when the displacement is a maximum having been noted 
at two different times of day, it is a simple operation to calculate the 
right ascension and declination, or the ‘‘apex” of the presumed 
“absolute” motion of the earth in space. The determination of the 
direction of the earth’s motion is dependent only upon the direction 
in which the telescope points when the observed displacement of 
the fringes is a maximum; it is in no way dependent upon the 
amount of this displacement or upon the adjustment of the fringes 
to any particular zero position. As the readings are taken at inter- 
vals of about three seconds, the position of the maximum is de- 
pendent upon observations covering an interval of less than ten 
seconds. A whole period of the displacement extends over only about 
twenty-five seconds. Thus the observations for the direction of the 
absolute motion are largely independent of ordinary temperature 
disturbances. The observation is a differential one, and can be made 
with considerable certainty under all conditions. A set of readings 
usually consists of twenty turns of the interferometer made in about 
fifteen minutes’ time; this gives forty determinations of the periodic 
effect. The forty values are simply averaged to give one “observa- 
tion.”” Any temperature effect, or other disturbing cause, which is 
not regularly periodic in each twenty seconds over an interval of 
fifteen minutes would largely be canceled out in the process of 
averaging. The periodic effect remaining in the final average must 
be real. 

The position of the fringe system is noted in units of a tenth of a 
fringe-width. The actual velocity of the earth’s motion is deter- 
mined by the amplitude of the periodic displacement, which is pro- 
portional to the square of the relative velocity of the earth and the 
ether and to the length of the light-path in the interferometer. A 
relative motion of 30 km/sec., equal to the velocity of the earth 
in its orbit, would produce a displacement of the fringes from one 
extreme to the other, of 1.1 fringes. Disturbances due to tempera- 
- ture or other causes lasting for a few seconds or for a few minutes 
might affect the actual amount of the observed displacement and 
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thus give less certain values for the velocity of relative motion, while 
at the same time the position of maximum displacement is not 
disturbed. Thus it is to be expected that the observations for the 
velocity of motion will not be as precise as the observations for the 
direction of motion. The two things, magnitude and azimuth of 
observed relative motion, are quite independent of each other. 

It is desirable to have observations equally distributed over 
the twenty-four hours of the day; since one set requires about fifteen 
minutes of time, ninety-six sets, properly distributed, will suffice. 
The making of such a series usually occupies a period of ten days. 
The observations are finally reduced to one group, and the mean 
date is considered the date of the epoch. The observations made at 
Mount Wilson in 1925 correspond to the three epochs, April 1, 
August 1, and September 15, and are more than twice as numerous 
as all the other ether-drift observations made since 1881. The total 
number of observations made at Cleveland represents about one 
thousand turns of the interferometer, while all the observations made 
at Mount Wilson previous to 1925 correspond to 1200 turns. The 
1925 observations consist of 4400 turns of the interferometer, in 
which over 100,000 readings were made. A group of eight readings 
gives a value for the magnitude and direction of the ether-drift 
function, so that 12,500 single measures of the drift were obtained. 
This required that the observer should walk, in the dark, in a small 
circle, for a total distance of one hundred miles, while making the 
readings. Throughout these observations the conditions were excep- 
tionally good. At times there was a fog which rendered the tempera- 
ture very uniform. Four precision thermometers were hung on the 
outside walls of the house; often the extreme variation of tempera- 
ture was not more than one-tenth of a degree, and usually it was 
less than four-tenths of a degree. Such variations did not at all 
affect the periodic displacement of the fringes. It may be added that 
while the readings are being taken, neither the observer nor the 
recorder can form the slightest opinion as to whether any periodicity 
is present, much less as to the amount or direction of any periodic 
effect. 

The hundred thousand readings are added in groups of twenty, 
are averaged, and then plotted in curves. These curves are subjected 
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to mechanical harmonic analysis for the purpose of determining 
the azimuth and magnitude of the drift. In this work all the original 
observations have been used, without any omissions and without 
the assignment of weights; furthermore, there are no corrections of 
any kind to be applied to the observed values. The results of the 
analyses are finally charted in such a way as to show the variation in 
the azimuth of the drift throughout the day of twenty-four hours for 
each epoch, and the variation in magnitude is similarly charted. 

[The observations of 1925 were described and the details of the 
results were shown by means of lantern-slide diagrams. A similar re- 
port constituted the address of the President of the American 
Physical Society read at Kansas City on December 29, 1925. This 
address is printed in full in Science, 63, 433-443, April 30, 1926.] 

A calculation based only on the observations of 1925 was made 
to determine the absolute motion of the earth. The result of this, 
as reported at the Kansas City meeting, indicated that the solar 
system is moving toward an apex in the constellation Draco with a 
velocity which is in excess of 200 km/sec. In order to confirm the 
Kansas City report, a set of observations consisting of 2020 turns 
of the interferometer was made at Mount Wilson, corresponding to 
the epoch February 10, 1926. A complete calculation has now been 
made, including the observations of both 1925 and 1926, which 
leads to the following conclusion: The ether-drift experiments at 
Mount Wilson show, first, that there is a systematic displacement 
of the interference fringes of the interferometer corresponding to a 
constant relative motion of the earth and the ether at this observa- 
tory of to km/sec., with a probable error of 0.5 km/sec.; and, 
second, that the variations in the direction and magnitude of the 
indicated motion are just such as would be produced by a constant 
motion of the solar system in space, with a velocity of 200 km/sec., 
or more, toward an apex in the constellation Draco, near the pole 
of the ecliptic, which has a right ascension of 255° (17 hours) and 
a declination of +68°; and, third, that the axis across which the 
observed azimuth of drift fluctuates, because of the rotation of the 
earth on its axis, points in a northwesterly direction, whereas the 
simple theory indicates that this axis should coincide with the north 
and south meridian. 
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The arguments which have led to these conclusions may be illus- 
trated by means of Figures 6 and 7. In the lower part of Figure 6 the 
four light-line curves represent the average azimuths for the four 
epochs of observation, plotted with respect to Mount Wilson local or 
civil time. The curves all have the values for midnight on the 
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ordinate for zero hours and the noon values on the ordinate for 
twelve hours, etc. The heavy curve represents the average of the 
four sets of observations and is clearly seen to be irregular and 
nearly zero in value. In the upper part of Figure 6, the four azimuth 
curves are plotted against sidereal time. The heavy-line curve repre- 
senting the average is clearly a periodic curve. If the effect is due 
to a motion of the earth through space, the sidereal time at which 
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this curve crosses the time axis is the right ascension of the apex of 
the motion. This occurs at seventeen hours. The declination of the 
apex is determined from the amplitude of the curve and the cosine 
of the latitude of the observatory, and is equal to +68°. Figure 7 
shows, at the bottom, the average diurnal variation in the azimuth 
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(the broken line) as compared with the theoretical variation shown 
by the smooth curve. The upper part of Figure 7 shows, in the 
broken line, the average diurnal variation in the observed magnitude 
of the effect, while the smooth curve shows the theoretical variation. 
If this is due to an ether drift, the sidereal time of minimum magni- 
tude is the right ascension of the apex. This is seventeen hours, in 
agreement with the right ascension obtained from the azimuth 
curve. The declination of the apex is dependent upon the minimum 
and maximum values of the effect and upon the latitude of the ob- 
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servatory. The computed value is about +69”, agreeing with that ob- 
tained from the azimuth curve. As far as instrumental considerations 
are concerned, the azimuth and magnitude are independent of each 
other; it is only when they are produced by the same cause that there 
is any necessary connection between them. The agreement of the cal- 
culated and observed effects for both magnitude and azimuth surely 
points to a real, cosmical cause. The result cannot be considered 
as a “null” effect; neither can it be due to instrumental or local 
disturbances. 

The fact that the direction and magnitude of the observed ether 
drift are independent of local time and are constant with respect to 
sidereal time implies that the effect of the earth’s orbital motion is 
imperceptible in the observations. The present experiments show 
no effect of the orbital motion, and hence they are no more con- 
sistent with the old theory of a stagnant ether than were the 
experiments of Michelson and Morley. In order to account for 
the absence of the orbital effect, it is assumed that the constant 
motion of the earth in space is more than 200 km/sec., but that for 
some unexplained reason the relative motion of the earth and the 
ether in the interferometer at Mount Wilson is reduced to tro 
km/sec.; under those conditions a component motion equal to the 
earth’s orbital motion would produce an effect on the resultant which 
is just below the limit of the smallest quantity which can be meas- 
ured by the present interferometer. It is for this reason that it is 
concluded that the velocity of the motion of the solar system is at 
least 200 km/sec., and it may be much greater. 

Several critics seem to be under the impression that the earlier 
Cleveland observations gave a real zero effect and that it is claimed 
that the present positive effect is due to the greater elevation at 
Mount Wilson. This is not true. The numerical values of the posi- 
tive effect at Cleveland and at Mount Wilson are so nearly equal 
that with the observations now available (those at Cleveland being 
relatively few in number) it is impossible to state that there is any 
effect due to altitude. If there is any influence of altitude, it is cer- 
tainly small; further observations at Cleveland are now being made 
to determine this matter. 

In order to account for these effects as the result of an ether drift, 


40 


CONFERENCE ON MICHELSON-MORLEY EXPERIMENT 25 


it seems necessary to assume that, in effect, the earth drags the 
ether so that the apparent relative motion at the point of observa- 
tion is reduced from 200, or more, to 10 km/sec., and further that 
this drag also displaces the apparent azimuth of the motion about 
60° to the west of north. It is possible that the westerly deflection 
is influenced by the trend of the Mount Wilson range of mountains 
from southeast to northwest. The reduction of the indicated veloc- 
ity of 200 km/sec., or more, to the observed value of 10 km/sec. may 
be explained by the theory of the Lorentz-FitzGerald contraction 
without assuming a drag of the ether. This contraction may or may 
not depend upon the physical properties of the solid, and it may or 
may not be exactly proportional to the square of the relative veloci- 
ties of the earth and the ether. A very slight departure of the con- 
traction from the amount calculated by Lorentz would account for 
the observed effect. 

The values of the quantities defining the absolute motion of the 
solar system as obtained from these ether-drift observations are in 
general agreement with the results obtained by other methods. The 
recent study of proper motions of stars by Ralph Wilson, of the 
Dudley Observatory, and of the radial motions of the stars by 
Campbell and Moore, of the Lick Observatory, gives the apex of the 
sun’s way in the constellation Hercules with a right ascension of 
270° and a declination of about +30°, with a velocity of about 
19 km/sec. Dr. G. Strémberg, of the Mount Wilson Observatory, 
from a study of globular clusters and spiral nebulae, finds evidence 
of a motion of the solar system toward a point having a right ascen- 
sion of 307° and a declination of +56°, with a velocity of 300 km/sec. 
Lundmark, studying the spiral nebulae, finds evidence of a motion 
having a velocity of 400 km/sec. The various determinations of the 
motion of the solar system are all in the same general direction and 
lie within a circle having a radius of 20°. Our assumed velocity of 
200 km/sec. is simply a lower limit; it might equally well be 300 or 
400 km/sec. The first assumption therefore seems to offer no diffi- 
culty. The location of the apex in the constellation Draco, at right 
ascension 255° and declination +68°, is within 6° of the pole of the 
ecliptic, that is, the indicated motion of the solar system is almost 
perpendicular to the plane of the ecliptic. The sun’s axis of rotation 
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points to within 12° of this apex. One cannot help wondering 
whether there may be some dynamic significance in these facts. 

The argument now being presented can be demonstrated only by 
means of observations extending over the whole twenty-four hours 
of the day, in order to determine the exact form of the daily varia- 
tion in magnitude and azimuth of the effect, and by means of 
observations made at different times of year, in order to prove that 
the effect is dependent on sidereal time. The earlier observations of 
1887 and 1905 are not sufficiently numerous and are not distributed 
throughout the day in such a manner as to make it possible to 
calculate the direction of the drift. These earlier observations were 
made for the purpose of detecting the earth’s orbital motion and 
consequently were made at two selected times of day, such that at 
one time the magnitude of this particular effect would be a maximum 
and at the other time it would be zero; or, two times of day were 
chosen in which the azimuth of the orbital component of motion 
would have very different values. Furthermore, until the year 1925 
the experiments have never been carried out at intervals of six 
months. The reason that a second set of experiments following 
this interval has not been made before is simply that in no instance 
has the expected effect been found in a first set. 

The observations made at Cleveland by Michelson and Morley 
in 1887, and later repeated by Morley and Miller, have just been 
recomputed on the present hypothesis; while the earlier observa- 
tions are not sufficient to determine the direction of the drift, they 
are nevertheless shown to be entirely consistent with the conclusions 
drawn from the Mount Wilson experiments. Or, to state the con- 
verse, the present result wholly confirms the earlier experiments of 
Michelson and Morley, giving no evidence of the effect of the earth’s 
orbital motion. In addition to this, the recent experiments, by a 
thorough study of the residual effects, have shown that there is a 
systematic cosmical effect as of a true ether drift. This conclusion 
introduces a new question, ‘‘Why is the magnitude of the effect less 
than would be expected on the classical theories and why is the 
direction of the effect at Mount Wilson deflected to the westward?” 
This question certainly is no more difficult than are many others 
now awaiting solution. 
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The interferometer is being set up again on the campus of Case 
School of Applied Science in Cleveland, near the place where the 
original Michelson-Morley experiment was performed in 1887. It is 
proposed to make a series of observations for four epochs of the 
year, comparable in every way with the Mount Wilson series. This 
will give information as to the possible effects of local conditions; 
it is hoped that it will show more definitely whether there is any 
effect due to altitude, and whether the orbital motion is appreciable. 


IV. DR. ROY J. KENNEDY (CALIFORNIA INSTITUTE OF TECHNOLOGY) 


When Professor Miller published the conclusions that he 
presented to us yesterday, it became necessary, or at least very 
desirable, that the experiment be repeated independently. It is such 
a performance of the experiment that I shall discuss this morning. 

In this experiment the light-paths were reduced to about 4 m, 
and the required sensitiveness was obtained by an arrangement 
capable of detecting a very slight displacement of the interference 
pattern. The whole optical system was inclosed in a sealed metal 
case containing helium at atmospheric pressure. Because of its small 
size, the apparatus could be effectively insulated, and circulation and 
variations in density of the gas in the light-paths nearly eliminated. 
Furthermore, since the value of «—1 for helium is only about one- 
tenth that for air at the same pressure, it will be seen that the dis- 
turbing effects of changes in density of the gas correspond to those 
in air at only a tenth of an atmosphere of pressure. Actually it was 
found that any wavering of the interference pattern was imper- 
ceptible, and when temperature equilibrium had been reached there 
was no steady shift. 

The plan of the apparatus is sketched in Figure 8. The optical 
parts are mounted on a marble slab 122 cm square by 10.5 cm thick, 
which rests on an annular float in a pan of mercury 77 cm in diam- 
eter. This is simply a reduced copy of Michelson’s original mount- 
ing. The mirrors M,, M,, and M, are fixed in position; such adjust- 
ments of the compensating plate C and mirror M, as are necessary 
after the cover is in place can be made from the observer’s position 
at the telescope. The green light \ 5461 is separated by the lens 
and prism system from the radiation of a small mercury arc lamp 
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S attached to the slab, and passed through a small hole in the screen 
Z. The pencils of light are carefully limited by screens and by focus- 
ing in order to prevent stray light from reaching the eye and thereby 
reducing its sensitiveness. Adjustments are made so that broad 
fringes are formed at the surface of M, and M,, on which the tele- 
scope is focused. Final adjustments are made by rotating the com- 
pensating plate C by means of a fine differential screw, and by plac- 
ing small weights near the corner of the slab; under proper condi- 


Fic. 8 


tions a 5-g weight deflects the heavy slab just perceptibly. The ad- 
justing screws are manipulated by means of spindles passing through 
short flexible tubes in such a way as to be freely rotatable but air 
tight. After the mirrors are given preliminary alignment, the cover 
is carefully lowered into place, sealed to the slab, and then filled with 
helium. 

Schematically, the arrangement of the interferometer is shown 
in Figure 9. A beam of practically plane-parallel, homogeneous 
light, plane-polarized so that its electric vector lies in the plane of 
the paper, moves to the right and falls on the mirror M, at the polar- 
izing angle for the given wave-length. At the upper face the beam 
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is split by a thin platinum film into two parts of nearly equal 
intensity, one passing to the mirror M, and the other to M,. From 
there they are reflected back to M@,, where they recombine and pass 
to the eye through a telescope focused on M, and M,. Two purposes 
are accomplished by the use of plane-polarized light: first, the non- 
interfering rays indicated by the dotted lines, which would be pro- 
duced with natural light, are completely eliminated; and, second, 
the recombining beams can be adjusted to perfect equality of in- 
tensity by varying the relative reflecting powers of M, and M,. Be- 


FIG. 9 FIG. 10 


cause there are two more glass-air interfaces to be traversed by the 
upper beam than by the lower, it is impossible to equalize both 
components of natural light in this way. 

The high sensibility necessary because of the short paths is 
secured chiefly by the simple device of raising one-half of the surface 
of mirror M, a small fraction of a wave-length above the other, the 
dividing line between the two levels being straight and as sharp as 
possible. The mirror used was made by covering part of a plane 
plate with a flat sharp-edged microscope cover-glass and applying 
the extra thickness by cathode deposition of platinum, thereafter 
giving the whole plate a fully reflecting coat. I ran across the sug- 
gestion of using such a divided mirror in interferometry some years 
ago, but am unaware to whom the credit for it belongs. 
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The theory of the arrangement is as follows: The interference 
phenomena will be the same as if the mirror M, were replaced by its 
image in M;. Under the conditions of the experiment, where the 
paths are nearly equal, M, is perpendicular to the beam incident on 
it, and the reflected beams are brought nearly to parallelism, the 
image of M, will be nearly parallel and coincident with the face of 
M,. Elementary theory shows that the resulting interference pat- 
tern then practically coincides with M,. It would needlessly compli- 
cate this discussion to develop the general theory of interference for 
all inclinations of the mirrors; the experimentally realized case of 
near parallelism alone is necessary. 

Let Figure 1o represent a greatly exaggerated cross-section of 
M, and the image of M., normal to their planes and to the dividing 
line in M,. M, lies in the plane x=o0, and the levels of M, are at 
equal distances on opposite sides of a parallel plane at the distance 
x from M,. Let a monochromatic wave, in which the displacement 
is given by 


=a cos o(H+e-") A 


fall on M, and M, from the left. At the surface of M, the displace- 
ment in the reflected wave is then given by 


£,=a cos w(t+e) 


if we ignore the loss through imperfect reflection. The displacement 
in the plane of M, in the wave reflected from the upper part of M, is 


&,=a COS a[tpe—28=9)] : 
The square of the resultant displacement is then 
(+8)? =@ cos w(t+e)-+cos ered 7 
This can be reduced to the form 


20°| 1-403 ee (—0)| cos? w(t—6) . 
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Similarly, the square of the resultant displacement in the interfering 
beams below the dividing line is found to be 


2a°| 14-005 = (a+ o)| cos? w(t—6) . 

The intensities, being proportional to the squares of the amplitudes, 
can be represented by 

1,=he>| 1400s 2 (e-a)| 
and 

1,= ka’ 1-+00s > (a+ o)| ; 
Now w=27v where v=frequency of the light. Hence w/c=27/X. 
Therefore 

I,=ka? | cos = (x— o)| 
and 


= ke’ | r-+00s <4 +a) | ; 
For values of x=n\/4, where 7 is an integer, 
I,= bar(x +cos re : 


the sign being positive for even values of m and negative for odd 
values. The same expression holds for 7,; hence, under these condi- 
tions, 

I,=1,. 


To the observer, then, the field of view is equally intense on both 
sides of the dividing line when «=d/4. 

We have now to determine the least change in « from this value 
which will produce a perceptible difference in illumination in the 
two sides of the field. If x is given the variation 6x while a is kept 
constant, the difference in intensity will be 


32 ROY J. KENNEDY 


Now 
Ol, _ , 4mka’? . 4a 
ey 
Similarly, 
OI, _ —_4mka? . 4ma 
Suen ea ek 
Therefore 


6l=+ Ee sin re bx, 
the sign being of no importance. 

The perceptibility of the variation is determined not by 4/ alone, 
but by the ratio of 67 to the total intensity, 7, or J,. According to 
the Weber-Fechner law, if 5 is taken to be the least perceptible 
variation in intensity, the foregoing ratio is nearly constant for a 
considerable range of intensities. With this meaning of 6/, 6x be- 
comes the least detectable change of position of M3. 

If initially we have uniformity of illumination, we have from 
the equations above, 


sin 47° 
ry a N 
Tan ee 47a 
nie el ete e 
La cos Tit 
or 
eh eoh La Coe 
le eee ae 
d 


If now 6//I were a true constant, we should have for the case of neg- 
ative sign, which corresponds to dim illumination of the field, the 
sensibility of the apparatus increasing indefinitely as the factor a 
was made smaller. J decreases with a, however, and the Fechner 
“constant” soon diminishes rapidly. Nevertheless, the conditions 
of illumination and contrast here are similar to those in the half- 
shade polariscope, and from the theory of the Lippich instrument it 
appears that 6Z/J equals about 8 X107%. The lack of perfect plane- 
ness in the mirrors and of equality of intensity in the interfering 
beams is a further limiting factor; a little experimenting indicated 
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that a should not be much less than 0.025 A, which was the value 
finally used. Substituting these values in the last equation, we get 


dx=5 X10 5A 


as the least detectable change in position of one of the mirrors. This 
corresponds to a change of optical length of path 


Ol Or — Oma 


To take full advantage of the possibilities of the arrangement 
would have required perfect mirrors and an intenser and, therefore, 
hotter source of light than would have been desirable near the sensi- 
tive apparatus, as well as lengthening the interval between observa- 
tions, thus allowing greater chance for any steady temperature shift 
to show itself. No attempt was made in the experiment, therefore, 
to go below values of 6/ equal to 2X 1073 \; such variations were de- 
tectable without the least uncertainty. 

With this apparatus the velocity of 10 km/sec. found by Pro- 
fessor Miller would produce a shift corresponding to 8X 1073 wave- 
lengths of green light, which is four times the least detectable value. 

The experiment was performed in a constant-temperature room 
in the Norman Bridge Laboratory at various times of day, but 
oftenest at the time when Miller’s conclusions require the greatest 
effect. The sensitiveness of the eye was tested for each trial by the 
placing or removal of a small weight on the slab before and after 
rotating it. There being no fluctuations in the field of view, it was 
unnecessary to take the average of a number of readings. As has 
been shown, a shift as small as one-fourth that corresponding to 
Miller’s would have been perceived. The result was perfectly defi- 
nite. There was no sign of a shift depending on the orientation. 

Because an ether drift might conceivably depend on altitude, 
the experiment was repeated on Mount Wilson, in the t1oo-inch 
telescope building. Here again the effect was null. 

[Note added A pril, r1928.—Illingworth at the California Institute 
of Technology has continued the work with Kennedy’s apparatus, 
using improved optical surfaces and a method of averaging. He 
concludes* that no ether drift as great as 1 km/sec. exists.] 

t Physical Review, 30, 692, 1927. 
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V. PROFESSOR E. R. HEDRICK (UNIVERSITY OF 
CALIFORNIA AT LOS ANGELES) 
[Because of lack of time Professor Hedrick presented only a 
summary of the following contribution, prepared by himself and 
Professor Ingold of the University of Missouri.] 


I. INTRODUCTION 


The celebrated experiment by Michelson to determine the rela- 
tive motion of the earth and the luminiferous ether was first made 
in 1881.! Objection to the mathematical theory was raised by H. A. 
Lorentz in 1886,? and in 1887 the theory was modified by Michelson 
and Morley to meet this objection. It is the theory accompanying 
the account of their 1887 experiment that is usually given and that is 
now generally accepted. 

Until about 1898 it does not appear that any further serious 
objections were raised against the theory. From that time on, how- 
ever, numerous papers‘ dealing with the matter have appeared, 
which, in many instances, contain objections to one feature or 
another of the theory. The differences of opinion appear to arise 
mainly from different conceptions regarding the mechanism of inter- 
ference phenomena. 

In view of the wide diversity of opinion on the subject, it has 
seemed worth while to work out the theory anew, on the basis of 
some reasonable hypothesis that has been employed in dealing with 
other phases of interference phenomena. 

Some portions of the present investigation appear to be closely 
related to part of the work of Righi as reported by Stein,’ and 


t American Journal of Science, 22, 120, 1881. 
2 Archives Néerlandaises, 21, 2™¢ livre, 103, 1887. 
3 Philosophical Magazine (5), 24, 449, 1887. 


4 We mention the following: Sutherland, ibid. (5), 46, 23, 1898; Hicks, ibid. (6), 
3, 9, 1902; Sutherland, Nature, 63, 205, 1900; Kohl, Annalen der Physick, 28, 259, 1909; 
Budde, Phystkalische Zeitschrift, 12, 979, 1911, and 13, 825, 1912; Righi, Sessions of the 
Royal Institute of Bologna, 1919 and 1920. 

For replies to some of these articles consult the following: Lodge, Philosophical 
Magazine (5), 46, 1898; Morley and Miller, zbid. (6), 9, 669, 1905; Laue, Anmnalen d° 
Physik, 33, 186, 1910, and Physikalische Zeitschrift, 13, 501, 1912. 

s “Michelson’s Experiment and Its Interpretation according to Righi,”’ Memori 
della Societa Astronomica Italiana, 1, 283, 1920. 
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confirms, by an independent calculation, some of Righi’s results, 
which is a matter of great importance, since the accuracy of his 
work has been called in question.* 


2. REFLECTION FROM A MOVING MIRROR 

We begin by obtaining certain general formulae for the reflection 

of light from a moving mirror. Two cases are considered: (a) the 

direction of motion of the mirror coincides with the direction of 

the rays of light before reflection; (b) the direction of motion of the 
mirror makes an angle 9 with the direction of the rays of light. 

a) Denote the velocity of light by ¢ and the velocity of the 


MIRROR 


Fic. 11 FIG. 12 


mirror by v. Let / represent the tangent of the angle of inclination 
of the mirror to the direction of motion. 

In Figure 11, AZ represents the front of a wave advancing on 
the mirror at A. While the mirror moves from AL to A’L’, the 
portion of the wave at Z traverses the distance ZL’. Therefore, 
denoting the angle A’AL’ by a, we have 


AZ v 
tan ‘eons a ha (x=2\i=(-a)h ’ 


which gives the position of the equivalent fixed mirror. 

Similarly, A’Z is the position of the equivalent fixed mirror for a 
ray coming from the opposite direction CA; and if we denote CA’L 
by y, we have 

tan y=(1+8)h. 


t See Observatory, 44, 340-341, 192I. - 
ists 
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b) If the direction of motion of the mirror makes an angle with 
the direction of the rays, then from Figure 12 it is clear that the 
mirror really advances with a velocity 


vy sin O 
MOOS == == 


h 


so that the formulae for this case may be obtained from those of the 
previous case by putting 


8 cos 0-0 °) 
in place of B. 


If the mirror is inclined at an angle of 45° to the direction of the 
rays of light, :=1 and 
tan a=1—£(cos O—sin 0) , 


while 
tan y=1+ (cos O—sin 0) . 


3. APPLICATION TO THE MICHELSON-MORLEY EXPERIMENT 


In the Michelson-Morley experiment a ray of light from a source 
S (Fig. 13) meets a half-silvered glass plate, inclined at 45° to its 
path, at A. A portion is reflected to a mirror at B, parallel to SA, 
from which it is again reflected to pass through the plate at A’ and 
finally into a telescope at T. Another portion is transmitted through 
the glass plate at A to a mirror at C, perpendicular to SA, from 
which it is returned to the glass plate at A’ and from there a further 
portion is reflected into the telescope at JT’. When the mirrors are 
set as described, with absolute accuracy, we call the experiment the 
“ideal Michelson-Morley experiment.” We wish to compute the 
angle T’A’T. 

We assume that the earth and the apparatus are moving through 
the ether in a direction making an angle 0 with the path of the rays 
SA. 

It will be necessary to determine the position of the equivalent 
fixed mirror at B. 

For convenience denote 6(cos @—sin @) by ~ Then the angle 
CAB=2a where tan a=1—£. 

In Figure 14, if BE is the wave front of the ray reflected from A 
and if the mirror at B advances from BM to B’M’ (a distance r in 
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B 


Fic. 14 


the direction @) while the portion of the wave front at EZ advances 
to M’, then BM’ is the position of the equivalent fixed mirror. 
Denote the angle MBM’ by p; then 


' 
BG 
where GM’ is perpendicular to BM. 
GM’=MM' sin2a=rsin0®; BG=BM+MM’ cos 2a; 
mee Sa = r 
COs 2a’ EM+MM’'*. 
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Therefore 
r sin O 7B sin O 
tan P=RtMM’ cos2a EMB 
———_+ MM’ cos 2a 
COS 2a 
7B sin 9 cos 2a 


y—rB sin O sin 2a ° 


But we have tan a=1—&€; hence, to terms of the second order, 
sin yaa cos oes 
2 2 
Substituting these values in the expression for tan p, we have 
tan p=? sin 9 (cos O—sin 9) , q.p. 
Now if we denote the angle CA’T by ¢ and the angle CA’T”’ by 
y, we have (remembering that ¢ and y are negative angles) 
o+p=2a—p or $=2(p—a), 
y=2y—180°. 
Thus the positive angle 
T' A'T =¢—W=2p—2a—2y+180°. 


To determine the tangent of this angle, we find 


Pe Sire) 
Soha eerie 
tan (2y—-180°) = 2049 : 
and therefore 
tan (—2a—2y-+180°) = q.p. 


From this we obtain 


+ 28? sin 8 (cos O—sin 0) 
1— 26° sin 0 (cos @—sin 0) dP.» 


tan (¢—-y) = 
since tan 2p = 26? sin O(cos O—sin @) to terms of the second order. 
Substituting for € and reducing, we have finally 
tan (6—w) = 6? cos 20. 
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This formula was obtained by Righi, who concluded from it that 
a rotation of the apparatus (in the ideal experiment) through 90° 
would produce absolutely no effect, since, although the distances 
traversed by the two rays are exchanged, yet at the same time their 
positions are also exchanged; that is, the ray having the longer path 
occupies the same relative position with respect to that one having 
the shorter path, after the rotation as before. It follows that the 
pattern of the interference fringes after the rotation cannot be dis- 
tinguished from that before the rotation.’ 


4. THE USUAL THEORY 


A careful computation of the difference in the length of path 
traversed by the two rays yields precisely the same result as is given 
in the usual theory, namely, 6? cos 20. As a matter of fact, it was 
also known that, under ideal conditions, there exists a second-order 
difference in the directions of the final rays.? The view has been, 
however, that this difference in direction could affect the difference 
in time up to, the telescope, and therefore the difference in phase, 
only by an amount of the third order in 8. Thus it was thought that 
this difference had no appreciable effect on the position of the inter- 
ference fringes, although it might modify the width of the fringes. 

In the next section we investigate, as far as we can, the legitimacy 
of this older view. As a basis for this investigation, we use a concep- 
tion of the mechanism of interference phenomena which has been 
employed in other connections. Whether its application in the 
present instance is legitimate is perhaps a matter to be decided by 
experiment, but there does not seem to be any very evident reason 
why it cannot be employed with safety. 

We may mention here that, quite apart from any special hypoth- 
esis concerning interference phenomena, the argument of Righi given 
at the conclusion of the preceding section proves absolutely that the 
second-order change in the angle between the final rays is by no 
means negligible, since in the ideal experiment the expected shift for 
a rotation through go” is proportional to 26? if that angle is not taken 
into account, but is zero when it is taken into account. 


t See, for example, Larmor, Aether and Matter, p. 53. 
2 See Michelson and Morley, Joc. cit.; also Larmor, p. 48. 
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5. POSSIBLE EFFECT OF DIFFERENCE OF ANGLE ON THE POSITION OF 
THE INTERFERENCE BANDS 


Figure 15 represents the network of wave fronts of the two inter- 
fering rays. The space between F, and F, represents the central 
bright fringe. 

Let the ray s change its direction (relative to the ray /) by the 
amount Aa. If the new wave front f, meets the old wave front f; near 
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FIG. 15 


the edge of the fringe at NV, the center of the fringe will be shifted 
to the left from M to M’. The amount of this shift, which is due 
wholly to the change of angle between the interfering rays, will de- 
pend on the distance of the point of intersection of the consecutive 
wave fronts from the edge of the fringe. As this point approaches 
the center of the fringe, the distance MM’ becomes negligible. In 
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this case the effect is to widen the fringe without appreciably altering 
the position of its center. 

The foregoing is based, of course, on the hypothesis that the 
distances traversed by the two rays are not changing. If the distance 
traversed by ¢ changes, then the wave front LM takes a new position 
indicated by the dotted line. 

Now actually, the two changes occur simultaneously; and as 
both are periodic it seems inevitable that the point of intersection of 
fr and f, should at times come near enough to produce an appreciable 
displacement. 

It is conceivable, of course, that the two effects might neutralize 
each other, as indicated at the bottom of the figure, where the point 
of intersection of consecutive rays is supposed to come outside of 
the central fringe. 


6. FORMULA FOR THE SHIFT OF THE FRINGES 


It seems to be impossible to obtain a formula for the amount of 
the shift of the fringes without making certain assumptions concern- 
ing the nature of interference phenomena. 

The simplest procedure seems to be to study the network of 
parallelograms so drawn that each system of parallel sides represents 
the successive positions of some definite phase of the waves of the 
corresponding ray. 

Let Figure 15 represent this network of parallelograms, and let a 
denote the distance of the middle of the central fringe to the right 
of some convenient origin. This distance will depend upon the initial 
adjustment between the distances traversed by the two rays. 

If it is agreed that only the relative positions and lengths of 
paths of the two rays s and ¢ are involved, we may suppose that one 
of the rays remains fixed in length while the other remains fixed in 
direction. 

Let the ray ¢ be supposed to rotate about a point in the neighbor- 
hood of its image. Then one of the lines f representing a certain 
phase of ¢ may be supposed to envelop a circle. Let } denote the 
distance to the right of the origin of the point of contact of this 
circle with f in its initial position. 
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Use the following notations: a’ equals the new value of a due 
to change of length of s, b’ equals the new value of 6 due to change 
of direction of t, M’ denotes the middle of central fringe after s has 
changed length, and M” denotes the final position of the central 
fringe. 

After the apparatus has rotated through an angle 0, we have 


a’ =a— DB?(1—cos 20) , 
b’=b+ DB?(x1—cos 20) , 


M'M" _a—b—2D6?(1—cos 20) 
I—cos 20 __ r+cos 20 z 


Adding M’M” to a’, we have for the position of M’’, the new 
middle point of the central fringe, 


» _a(r+1)+) cos 20—DB6'[r-+2—(r+3) cos 20-+cos? 20] 
ie r+cos 20 ; 


7. POSITION OF MAXIMUM SHIFT 


The formula of the last section shows that the fringes have a 
periodic motion across the field of the telescope. The maximum and 
minimum positions of M, however, depend upon the values of the 
quantities a, b, andr. The values of a and r depend upon the initial 
adjustments, and the value of b would very likely be different for 
experiments performed at different times. 

If, then, no effort is made to control the values of these quantities, 
we must suppose that the maximum and minimum positions for a 
series of experiments will have an entirely random distribution. It 
will not be legitimate, therefore, simply to average the readings of a 
series of observations, as was done in the Michelson-Morley experi- 
ment. In fact, there would seem to be a high degree of probability 
that this procedure would lead to a quite small result in case it is 
applied to a large number of observations. 

[Professor Hedrick remarked at the end of his report that his 
results had been discussed by Professor Epstein from the physical 
point of view. This discussion has kindly been supplied for publica- 
tion here.] 
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V. PROFESSOR PAUL S. EPSTEIN (CALIFORNIA INSTITUTE 
OF TECHNOLOGY) 
The result of Professor Hedrick’s analysis is that the two beams 
of light acquire a difference of phase 


6—6’=hB? cos 20 


and a difference in direction 
Aa=f? cos 20 (2=°) ; 


in which terms of the fourth order are 
neglected. 

Let us now choose the plane in which 
we observe the fringes as x=0 of a car- 
tesian system (Fig.’16). We can then rep- 
resent the two waves by the formulae 
(s =light-vector) Fic. 16 


s=A cos E (« cos a+y sin a-tdl)+5| : 
s'= A cos Ee cos a’+y sin otal) +8 | , 
The illumination of the screen is then (x=o, sin a=a) 
(s-+-s’)? = 4A? cos? | yaa) 43-8 | cos? EB yla-ta)+act+0-+6"| 
= 2A? cos? E y(a—a’)+6-0 ‘ 


We have maxima, where the argument of the cosine is a multiple 
of 7. 
The position of the central fringe is therefore given by 


= Yo(a—a’)+5—5’=0, 


Bag aa ee his (1) 
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The distance between two maxima, or the width of the fringes, 
is given by the equation 


= Ay(a—a’)+6—6’=7, 


or 
_x—(6-8’) 2d 


a—a’ or 


Ay (2) 
Let us first consider the interferometer at rest. We cannot take 
the ideal adjustment, because then we should have no fringes. 
Formula (2) shows that we must have a finite difference a)— a9 in 
order to get a finite width of fringes. This width is of the order of 
rt mm, so that (6—6’=o) we have the order of magnitude 
ees el ene 


Qo — ag = —— = 2——_ = 25-1074. 
me Pe BAVe ae 1a 5 


In the actual experiment, we have in addition to a,—aj the 
rotation Aa: 


a—a’=a,—a,tAa, 


A 5—6’ 


= Ss 
y 27 dg—ar,tAa* 


The order of magnitude is 


10 


2 ~ 5 2 
N= (?) cos 2 = (3 ae ) cos 27=107~8 cos 2%. 
C 3+10 


Therefore an expansion is permissible: 


nN Ns Se 
een es 


am \a>—a, (ao— ai)? 
nN =F ( Aa ) 
Vi = , {— , < 
21 Ao— a, Qo — ay 


The first term represents the shift due to the difference of phase, 
the second term is due to the rotation. We see that it is 0.4+ 1074 
of the first term, that is, quite outside the possibility of observation 
under the conditions of Michelson, Morley, and Miller’s experiment. 
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It is interesting that in the ideal case 


_r» 6—8'_ sD ht cos2 =e 


Ne or Aa ar B?cos20 390 ar 


That is, we have a constant position, independent of the orientation 
of the instrument. If Michelson had devised the experiment so as to 
have no fringes, but light in a certain position of the ideally adjusted 
interferometer, expecting to have darkness in another position, be- 
cause of the phase difference, the experiment would not have proved 
anything. 

Dr. Kennedy’s arrangement occupies an intermediate position. 
He takes fringes of considerably greater width. The width necessary 
to produce an appreciable error is about 250 cm, however, and it is 
quite certain that his fringes were not as wide as that. Professor 
Hedrick’s theory is, however, very interesting and important in con- 
nection with Kennedy’s experiment. 


VI. PROFESSOR PAUL S. EPSTEIN (CALIFORNIA INSTITUTE 
OF TECHNOLOGY) 


I cannot report to you today on anything of my own. What I 
intended was a short review of some recent experiments which relate 
to Mr. Miller’s experiment, and which have been performed mainly 
outside of Pasadena. 

I shall give you a brief account of three experiments, carried out 
by Tomaschek in Germany, by Chase in Pasadena, and by Piccard 
in Brussels. 

In one of his experiments Tomaschek used the following arrange- 
ment. In the immediate neighborhood of a charged condenser I 
(Fig. 17) was suspended a magnetic needle /7. The experiment was 
intended to check an old idea of R6ntgen’s which was as follows: 
The charged condenser, being in motion, represents a system of 
two parallel currents moving in opposite directions. These currents 
produce a magnetic field which should exert a force on the magnetic 
needle. In case the condenser is in motion relative to the ether, a 
deflection of the magnetic needle should be found. In reality this 
device cannot provide a crucial test for a decision between the old 
and the new theory. An exact analysis shows that both theories lead 
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to the same result because the effect is of the first order. The ex- 
planation why no effect exists lies in the fact that it is not the con- 
denser alone which moves, but also the indicating needle. This gives 
rise to a second torsional moment which just balances the first one. 
Moreover, Tomaschek tried the experiment with a metal cover 
around his needle. By this arrangement, cutting out all the magnetic 
actions between J and //, he eliminated any effect which might have 
existed without shielding. So it is not surprising that he did not 
obtain a positive effect. He might indeed have saved his efforts by 
not trying the experiment at all. 

Tomaschek, and independently Mr. Chase in our laboratory, 
repeated the old experiment of Trouton and Noble, as they think, 
in a much more precise way. The underlying idea is the following: 


I 0 
tet ob h e 
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Suppose J (Fig. 17) to be a charged condenser, suspended in such a 
way that it can rotate. For a condenser at rest there exists only a 
force of attraction between the two plates due to the charges of 
opposite sign. Now the apparatus being in motion with the velocity 
v (Fig. 18) means that the positive charge is moving in a magnetic 
field originated by the moving negative charge, and vice versa. 
Hence two additional forces are exerted on the condenser which 
would manifest themselves as a torque, so that a rotation of the 
condenser should be expected. It is easy to calculate this torque, M, 
which is 
a= 2 (2) sin 20 cos ¢ , 


where U equals the energy content of condenser, e the dielectric 
constant of material filling the condenser, and ¢ the azimuth 
characterizing the projection of v on the plane of the condenser in 
relation to the suspension. 
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The foregoing formula is derived on the assumption that the 
dielectric substance may be regarded as a continuum. The structure 
of e has not been taken into account; but the difference would not 
be appreciable. Both Tomaschek and Chase used not a single con- 
denser, but a great number of plates in order to obtain a large 
capacity and thus have a large value for the electric energy. 

The torque is practically the same for both the classical theory 
and the theory of relativity, the difference arising only in some terms 
of the fourth order, which are of no practical importance. In spite 
of the existence of a torque, relativity contends that no effect can 
be observed at all. This follows because the torque is compensated in 
some way. The explanation of this peculiar fact is to be found in 
the tensor character of the mass in relativity. In this theory mass 
has a different value for accelerations in direction of the motion (mm) 
and at right angles (me) to it. The ratio of the masses is given by 
the expression 

m ar 
ine iS (v/c)? ° 


In order to analyze the effect of the torque found above, we must 
divide the acting forces into two components, one in direction of the 
motion and one at right angles to it. The first component acts 
against the heavier mass m; and causes a relatively smaller accelera- 
tion than the second component. It thus happens that the two ac- 
celerations (as vectors) point to the center of gravity of the system 
(condenser), although the two forces do not. In this way the torque 
appears to be compensated in the end effect. Thus we see that the 
tensor character of mass is responsible for the lack of an effect. The 
Lorentz contraction has not to be taken into account at all. Even in 
case there were no Lorentz contraction, we should not obtain an 
effect on our condenser. If, however, an effect should really be 
observed, it would be a contradiction of relativity, because the ratio 
my/ my is a direct consequence of this theory. Tomaschek and Chase 
both claim to be able to detect an uncompensated torque correspond- 
ing to a velocity of the earth of 4 km/sec. For lower velocities no 
deflection could be observed with their apparatus. This limit of 
precision is obtained by assuming the whole torque to be in action. 
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Now this assumption is not quite correct even from the standpoint 
of the classical theory. As the nuclei are of electrical constitution, 
we must in the classical theory also take into account a definite 
relation between the mass and the velocity of the nuclei. Consider- 
ing the nuclei as rigid spheres, for instance (Abraham), we should 
find 

7 9 A © Seed) 

mi 1/(1—$6) ° 


If we use this formula, the torque will be compensated in part, but 
not completely as in relativity. It can easily be seen from the formula 
that 20 per cent of the calculated torque would manifest itself as 
deflection. The minimum velocity which could be observed by 
Chase would then be 4V s km/sec., which brings us near to Miller’s 
value of 10 km/sec. Although interesting, these experiments cannot 
therefore decide either for or against Miller’s results. On this ac- 
count it would be of great value if they could be carried out with 
increased precision. 

Now some remarks about the experiment of Mr. A. Piccard at 
Brussels: Piccard thought that the height above the earth’s surface 
should be of influence on the effect Mr.: Miller has found. (This is, 
in fact, a misunderstanding, because Mr. Miller does not claim any 
such effect.) If the ether drift may be supposed to be larger on 
Mount Wilson than at sea-level, it should be still larger in the free 
atmosphere. So Piccard tried the experiment in a balloon. His inter- 
ferometer had branches with an optical path 2.8 m long. The steady 
temperature was controlled by a thermostat. The balloon was ro- 
tated about a vertical axis by means of a propeller. A self-recording 
device was used, and ninety-six rotations were registered. The 
curves were analyzed harmonically, but it appeared that the thermo- 
stat had not functioned as expected. For this reason the accidental 
errors were too large (the probable error corresponded to a velocity 
of 7 km/sec.). All that Piccard claims, then, is that the drift in the 
free atmosphere at 2300 m altitude is not larger than on Mount 
Wilson. No further conclusions can be drawn from this experiment. 

[Note added A pril, 1928.—Both C. T. Chase and A. Piccard have 
continued their work during the year intervening since the foregoing 
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report was presented. Chase,’ working at Harvard University, in- 
creased the accuracy of his measurements about three times. Even 
taking into account the factor 1/5 mentioned above, his new ap- 
paratus could have detected an ether-drift velocity of 3 km/sec. 
Within this accuracy his results were negative, thus giving strong 
support to the theory of relativity. The most accurate and recent 
work of Piccard’s was carried out by him, jointly with E. Stahel,? on 
the summit of the Rigi in Switzerland (altitude, 1800 m). The same 
self-recording interferometer with thermostatic temperature control 
was used. The results were completely negative, the ether drift 
being only one-fortieth part of that expected according to Miller.] 


DISCUSSION 


[Dr. Walter S. Adams, director of the Observatory, opened the 
discussion, expressing his hope that Professor Lorentz and Pro- 
fessor Michelson would give their opinions in regard to the con- 
siderations of Righi and Hedrick.] 

Proressor H. A. Lorentz: I feel somewhat guilty in regard to 
the work of Righi. It was a long time ago that I read his papers, and 
I do not remember their contents very well, as I have been busy with 
quite different things these last years. I should have read them again 
of course for this meeting. But this good intention could not be 
materialized because of my being entertained so much by the people 
of Pasadena. After having heard Mr. Hedrick’s report, I intend, 
however, to study these questions again very carefully in relation to 
Mr. Miller’s experiment. Further, the considerations of Brylinski 
must be taken up again. Offhand, I can only say that the results of 
Mr. Hedrick are in contradiction with those which I presented yes- 
terday. Until today I felt myself quite satisfied with the considera- 
tions which are based on Fermat’s principle. After Mr. Hedrick’s 
report, however, I shall have to reconsider these questions carefully. 
According to Mr. Hedrick’s results it appears, indeed, that the 
result to be expected in the Michelson-Morley experiment may be 
numerically different from that which we ordinarily expect on the 
basis of the classical theory. The numerical value of the second- 

t Physical Review, 30, 516, 1927. 

2 Die Naturwissenschaften, 16, 25, 1928. 
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order effect would be different from that which Michelson calculated. 
My procedure seems to me still to be the easiest and most straight- 
forward one. Still it must be found out where the discrepancy be- 
tween the two ways lies. In case a method other than Fermat’s is 
chosen, one has to do considerable work. One must distinguish, for in- 
stance, very carefully between the rays of light and the normals to 
the wave-trains. Another difficult point is involved in the treatment 
of the reflection from moving mirrors. Fermat’s principle, of which 
I have made use, gives in any case a much simpler treatment. But 
as there exists a discrepancy between the results obtained by the 
two methods, I intend to go through the detailed calculations as 
soon as possible. In the meantime I still hope, of course, that my 
general considerations are right. 

I should now like to make some remarks on Mr. Miller’s experi- 
ment. It seems to me that there is a serious problem connected with 
the effect which is periodic for a full turn of the apparatus and which 
is discarded by Mr. Miller, who emphasizes the importance of the 
half-period effect (periodic with half-turns of the apparatus) in re- 
gard to the question of an ether drift. In many cases the full-period 
effect is much larger than the half-period effect. According to Mr. 
Miller, the full-period effect is dependent on the width of the fringes 
and would become zero for infinitely wide fringes. 

Although Mr. Miller says that he was able to eliminate this 
effect to a great extent in his Cleveland measurements, and that it 
is to be explained easily by the experimental arrangement, I should 
like to understand its cause somewhat more clearly. Speaking now 
for a moment as an adherent of the relativity theory, I should con- 
tend that no such effect whatever could exist. Indeed, a rotation of 
the entire apparatus as a whole, the source of light included, should 
not give any shift at all from the standpoint of relativity. No effect 
would be expected were the earth and the apparatus at rest. Ac- 
cording to Einstein, then, the same absence of an effect is to be 
expected for the moving earth. The full-period effect is thus in con- 
tradiction with the theory of relativity and of main importance. If 
then Mr. Miller has found some systematic effects whose existence 
cannot be denied, it is also important to know the cause for the full- 
period effect. 
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Let us discuss now the half-period effect. After having seen the 
different diagrams I think there can hardly exist any doubt that 
there is an actual displacement of the fringes with Mr. Miller’s set- 
up. There arises, then, the question as to its possible cause. Mr. 
Miller himself has offered some suggestions which are very inter- 
esting. His conclusion is that the effect found corresponds to an 
absolute velocity of ro km/sec. and for a definite sidereal time is the 
same throughout the year. It is certainly not connected with the 
orbital motion of the earth, but indicates a motion of the solar 
system relative to the stellar system of the same kind as found by 
Mr. Stromberg from a quite different point of view. The velocity 
of this motion is estimated to be at least 200 km/sec. For some 
reason or other, the full relative velocity between ether and earth 
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does not come into action. Otherwise, one cannot account for the 
lack of an effect related to the orbital motion of the earth. There is, 
however, the following point to be mentioned. One could assume 
as Mr. Miller does that the entrainment is only partial, because the 
earth, for instance, is not completely impermeable to the ether. 
But then the following consideration would have to be taken into 
account. Suppose w to be the velocity of the earth relative to the 
ether (which is at rest at C). Then if the ether behaves as an ideal 
fluid, there will be a relative velocity in it at A with respect to B 
amounting to w/z. Miller accounts for the daily variation in ampli- 
tude of his effect, in a way which is immediately understood from 
Figure 20. According to the consideration given above, however, w 
could not be considered as a vector of constant length but would it- 
self vary during one day. This would of course make the interpreta- 
tion of the drift more complicated. 
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As to the average displacement of the azimuth to the west (50°), 
it seems to be very hard to explain. Fortunately, however, it also 
changes about this position periodically with sidereal time. Other- 
wise, one could hardly escape the suspicion that the whole effect 
might be due to some cause in the laboratory. 

Now some words about Piccard’s experiment: I saw the fringes 
in his laboratory, and they were extremely nice indeed. As a matter 
of fact, Piccard considers his experiments only preliminary ones, 
which he hopes still to improve considerably. He worked the first 
time under very unfavorable conditions, as the night of his first 
ascent was unusually warm. I might mention, just for general inter- 
est, that such observations as Piccard’s are very exhausting. Those 
of Mr. Miller are, too, of course. Piccard told me that he did not 
notice any physiological effect in the turning balloon due to centrif- 
ugal force; but motions in the vertical direction, nodding the head, 
for instance, were very painful, because of the effect of Corioli’s force. 

Proressor A. A. MicHEeLson: There are one or two questions 
which I should like to ask. Did Mr. Miller put his results together 
with the intention of finding an orbital effect (effect due to the 
motion of the earth in its orbit around the sun)? 

Proressor D. C. MILLER: Certainly. It was for this purpose 
that the observations were made at four epochs, approximately at 
intervals of three months; so that the direction of the orbital com- 
ponent of motion changes about go° from epoch to epoch. The ob- 
servations for each epoch have been reduced to determine the actual 
resultant motion for that epoch. The apex of the motion indicated 
by all the observations is near the pole of the ecliptic, and hence the 
orbital motion would manifest itself in a change in the position of 
this apex from epoch to epoch; that is, it would produce a sort of 
annual aberration in the apex. A comparison of the results for the 
four epochs fails to show conclusive evidence of this effect. I hope, 
however, that when several sets of observations for each epoch are 
available, the effect of the orbital motion may be evident. The 
positive effect actually obtained corresponds to a relative motion 
of the earth and ether of about 10 km/sec., with a probable error 
of km/sec. It follows that the effect of the orbital motion on the 
observed resultant velocity must therefore be less than 4 km/sec. 
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MicHeELson: What is the probable error for this } km/sec.? 

MittER: This 3 km/sec. is itself the probable error in the 
measurement of the magnitude of the effect, as determined from 
the calculations. Since no effect has yet been detected which can 
positively be attributed to the orbital motion, one can only say that 
such an effect, if present, must be less than 4 km/sec. 

MicHeEtson: Excuse me if I insist on this point. This estima- 
tion of the probable error is based on an interpretation of the experi- 
ments which does not intend to find the effect of the motion of the 
earth at all. Can you not find the probable error in discussing the 
observations from the point of view of finding the orbital motion? 

Mitter: I have not calculated the error from such a point of 
view. 

MicuHEtson: It would, however, be possible to do so. I should 
really like to see such calculations carried out. 

Had I known earlier of the beautiful and ingenious apparatus of 
Mr. Kennedy, I probably should not have undertaken my experi- 
ments now going on in the same form. In any case, the problem in 
question must be investigated further. Even a more precise repeti- 
tion of experiments with older devices already used will be of great 
value for the reliability of the results. We have now to find out 
definitely what actually is the truth, without going at it with any 
prejudice. 

I am happy in respect to Mr. Kennedy’s experiment that I had 


the idea of this device, too. I also had intended to use the photo- 
metric comparison of the field produced by light which is reflected 


from a divided mirror, the two half-surfaces being at a distance of a 
fraction of a wave-length. But it did not occur to me that the 
separation could be made so nicely by sputtering. I intended to take 
the layer off by acids. The apparatus is indeed so beautiful that I 
should like to work with a similar device, in case Mr. Kennedy has 
no objections. 

As far as Mr. Piccard’s remarks are concerned (see Lorentz) I 
must say that every beginner thinks himself lucky if he is able to 
observe a shift of 1/20 of a fringe. It should be mentioned, however, 
that with some practice shifts of 1/100 can be measured, and that in 
very favorable cases even a shift of 1/1000 of a fringe may be ob- 
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served. For this purpose the fringes must be extremely black. We 
are sufficiently advanced with our new apparatus to show such 
fringes [the apparatus was on view in the laboratory]. The main 
thing, of course, is to eliminate all stray light, which comes especially 
from the silver-coated plate. The ordinary plate gives rise to reflec- 
tions at both surfaces. I now get rid of scattered light by this simple 
device illustrated in Figure 21, consisting of two prisms, with a half- 
silvered surface where they are in contact, oriented so that the 
incident light is not quite perpendicular to the face of the first prism. 
Very black fringes may be obtained by this combination of prisms. 
There are still some difficulties as to the separating surface which I 
hope to overcome, however, very shortly. Probably the precision 
will reach 1/1000 of a fringe. 


recientes cade ra = 4 
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I should like to make some remarks on the interpretation of Mr. 
Miller’s experiments. It seems to me to be very hard to explain 
them. Indeed, why should the ether be dragged along by the earth 
to the extent of 19/20 and not some other fraction? If this really 
occurs, then we must suppose that there will be a great difference 
between the drag on the surface of the earth and a thousand miles 
above it. There the drag would probably be zero. Assuming then, 
for illustration, some kind of an exponential decrease of drag with 
altitude we should expect a large difference between the shift at sea- 
level and on Mount Wilson. In this case another arrangement of 
apparatus could be used to observe the effect. Two rays of light 
could be sent around a vertically mounted rectangle (Fig. 22). A 
shift of several hundred fringes might then be expected. No shift, 
however, seems to exist, according to experiments made in the 
Ryerson Laboratory. 

To conclude, I might still mention some advantages of the new 
apparatus: (1) The fringes are very black. (2) The frame will be 
built of invar so as to make it very insensitive to changes of temper- 
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ature. (3) Photographic registration will be used so as to make con- 
tinuous readings possible. Thus recorded, the observations would be 
preserved and could be discussed later on, independently of the 
observer. These are the three points which represent a considerable 
improvement in comparison with the earlier apparatus. 

It may be of some interest to mention that originally another 
apparatus was planned; this, however, was abandoned and the 
present interferometer adopted. The arms were to be 100 m long. 
The apparatus could not be turned, but the moving earth would 
have brought it into different positions relative to the ether. We now 
intend to try this, and the experiment is in preparation at Chicago. 

Lorentz: In regard to the theoretical details raised by Dr. 
Michelson, I offer the following remarks: If the ether moves freely 
through matter, no such difficulties arise, as far as entrainment is 
concerned. If, on the other hand, we should be obliged by the facts 
to introduce a substantial ether again, it would, of course, be a very 
difficult problem to find out what its properties are. What would 
happen, for instance, in case matter should turn out to be only partly 
permeable for the ether, nobody can tell. For this reason the ques- 
tion about the ratio 19/20 could not well be raised before the prop- 
erties of the ether were better known. We can even leave open the 
possibility that the motion of the ether may be irrotational. In this 
case the ether drift would of course have a component normal to the 
surface of the earth, and it would be rather large. This might very 
well be the case, and the effect mentioned by Dr. Michelson would 
be null. The relative velocity of the ether drift might increase with 
increasing distance above the surface of the earth, and still have no 
rotation. This, for instance, is the case in Planck’s modification of 
Stokes’s theory. A further possibility would be a compressible ether. 
This would remove even the necessity of having an irrotational mo- 
tion of the ether. But it is sufficient for the present moment to point 
out that a motion of the ether with rot w=o would be sufficient to 
give a quantitative explanation of aberration phenomena and of 
Michelson’s result. I tell you all this only to show how numerous 
the different possibilities for the theory are, if we are compelled by 
new experiments to go back to the notion of a substantial ether. 

QUESTION TO Dr. KENNEDY: Your apparatus is so sensitive that 
it would detect a change in the optical path equal to 64=2-1075X. 
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Now this is not the sensitivity which you calculated theoretically. 
I should like to ask how you found this sensitivity. I do not ask this 
for myself, because I know how you have done it, but for the sake 
of the audience, because I think the method you applied is so very 
beautiful. Then I suggest also that you tell us if you could detect the 
orbital effect on the assumption of a drag of 19/20. 

Dr. R. J. KenNepy: Answering first the second question, I 
think that the effect due to the orbital motion of the earth should be 
observable with my apparatus. 

As to the first question, I thought that the method of determin- 
ing 6] was rather crude. A weight of 5—6 kg on the slab on which the 
apparatus was mounted produced a shift of one fringe. I determined 
the minimum / weight (about 10 g) which produced an effect just 
observable. The ratio of the two weights gives, then, 6//\. 

I might explain also that I got rid of the surplus scattered light 
by using a different method from that suggested by Dr. Michelson 
for his new device. I used polarized light, impinging under the 
proper angle on the glass plate (Brewster’s angle) so that no light at 
all was reflected. [See description in Kennedy’s report. MICHELSON 
exclaims: “Very nice indeed.’’] The method I used is not my own 
invention. It has been suggested somewhere in Comptes rendus 
(xg11), if I remember rightly. : 

The shift of azimuth (50° to the west) in Miller’s experiment 
seems to indicate that some spurious effect is present, dependent 
only on the position of the apparatus relative to the meridian, which 
shifts the azimuth of the whole effect to the west. The result must 
then be considered as a superposition of spurious effect and ether 
drift. This explanation would probably require a magnitude for the 
effect due to ether drift smaller than anything that could have been 
observed with the devices used. It might also explain, as I think, 
the difference between the results obtained by Mr. Miller and myself. 

Piccard’s experiment does not seem to be of great value. As far 
as I can make out, he worked just at a time of the day when hardly 
any effect was to be expected. 

Lorentz: I do not think that Kennedy’s last remark is quite 
right. Piccard really ascended at the time when the constellation 
of Hercules rose above the horizon. 

KENNEDY: Piccard ascended twice. Once, when the sidereal time 
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was right, his observations were spoiled by temperature effects. His 
errors were thirty times greater than the effect he was looking for. 
The second time he got rid of his errors, but there was no effect to 
be expected at the sidereal time chosen for this observation. 
Mirter: I agree with Hedrick that the theory of the instrument 
used for the experiments should be thoroughly studied. The theory 
of Lorentzis exact; but it is general, and does not take into account the 
special conditions of the apparatus used. What actually happens to 
the fringes is dependent on the adjustment of the mirrors. When I be- 
came interested in the experiment in 1900, there existed no really 
adequate theory of the instrument. A theoretical study of the ap- 
paratus was then undertaken by W. M. Hicks, which was published 
in the Philosophical Magazine for January, 1902. We [Miller and 
Morley] thought it necessary to take up the question again, as Hicks 
had suggested that there was an additional term in the expression 
for the effect which had not previously been considered. This term 
represents an effect of appreciable magnitude, which is periodic in 
each full turn of the interferometer, while the ether-drift effect is 
periodic in each half-turn. In the Philosophical Magazine for May, 
1905, we gave a review of the theory, showing that Hicks’s calcula- 
tions did not affect the conclusions previously drawn. The full- 
period effect is actually present in the experiments of 1887, as well 
as in all those that have followed. In Comptes rendus, 168, 837, 1919, 
Righi began a series of articles, setting forth the theory in detail. 
He thought that our conclusions were not justified by the theory. 
It seems to me that Righi’s theory is correct in the abstract; but 
it does not deal with the actual things happening in the interferom- 
eter, as Hicks’s theory does. The question needs still further in- 
vestigation, as suggested by Professor Hedrick. Hicks’s theory takes 
into account the fact that in practice the image c (Fig. 23) of mirror 
a with regard to a is slightly oblique to mirror 0. This is neces- 
sarily true when straight-line fringes of finite width are obtained. 
Righi’s calculations are based on the assumption that 0 and ¢ are 
exactly parallel, which would produce fringes of infinite width; thus, 
his criticism does not apply to the actual case. When 6 and ¢ are 
oblique to each other, an actual ether drift will produce the addi- 
tional effect predicted by Hicks, which is periodic in a full turn of 
the apparatus. Hicks has calculated its magnitude, showing that it 
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depends on the angle between 6 and c. The effect increases with 
increasing angle and decreasing width of fringes. As the effect we 
are looking for (ether drift) must be periodic in each half-turn, we 
are justified in eliminating the full-period effect. This is done by 
plotting the single observations, turn by turn of the interferometer; 
these curves are analyzed by the mechanical harmonic analyzer, and 
the second harmonic (half-turn effect) is taken as representing the 
ether drift. If there is an ether-drift effect, the full-turn effect is 
necessarily produced, accord- 
ing to Hicks, and its presence 
may be taken as further evi- 
dence of the ether drift. The 
magnitude and phase of the 
full-period effect is variable, 
because it depends upon the 
adjustment of the mirrors as 
well as the ether drift. [Slides 
were shown representing the 
full-period effect.] It is evi- 
dent that the magnitude is 
very different for different sets 
of observations. The half-pe- 
riod effect, on the other hand, 
is characterized by a constant 
magnitude. The full-period effect is small when the width of the 
fringes is such that five of them cover the mirror (10 cm in diameter). 
Under other conditions, however, it may be very large. The full- 
period effect is not new, but has always been present in all the experi- 
ments. It is present in Professor Michelson’s original observations. 

KENNEDY: Are the effects the same in case you use a concrete 
frame instead of an iron frame? 

Miter: Yes, they are essentially the same. The concrete 
instrument showed smaller temperature effects than did the one 
with the steel frame, but its mechanical strength was also less. I 
have always used (as did Kennedy) the method of shifting the 
fringes by putting weights on the end of the frame; to produce a 
shift of one fringe, approximately 325 g was necessary. This is less 
than the corresponding weight in Dr. Kennedy’s apparatus, because 
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the arms of the frame are longer in my apparatus than in his. I 
should like to mention again that my experiments have been carried 
out under a great variety of conditions. My assistant moved around 
the apparatus to see if his position affected the distribution of 
temperature or the stability or level of the instrument. The light was 
placed in different positions, both inside and outside the house. At 
Mount Wilson, the instrument has been mounted in two different 
buildings, differently oriented. The effect has persisted throughout. 
After considering all the possible sources of error, there always re- 
mained a positive effect. 

ProFessor E. R. Heprick: Mathematically speaking there 
cannot be any question as to the correctness of the computations 
which Professor Lorentz has presented to us. The result for the 
second-order terms seems beyond question. It is conceivable, how- 
ever, that there is introduced an error when the path of the beam 
of light is changed by the motion of the apparatus into a new one. 
The instrument might not be always in the ideal position assumed 
in the calculations. 

I should like to call your attention to a second point. We start 
from a certain number of assumptions. Now our aim in mathematics 
is always to reduce the necessary number of assumptions to a 
minimum. We make use in this special case of the two principles of 
Huyghens and Fermat. Can we trust them to terms of the third 
order? We do not know. Might not a combination of third-order 
effects eventually affect the magnitude of the second-order effect? 
Anyhow, if we could reduce the number of physical principles in- 
volved in our calculations to a single one, it would be very desirable. 
That is what Righi and also I have attempted to do." 

Lorentz: I should like to defend my theory. Hedrick says we 
should try to reduce the number of our assumptions. Now the two 

t It should be stated clearly that the operations of differentiation and integration, 
freely used in these discussions, cannot be trusted to the extent that is often assumed. 
The derivative of an approximation to a true formula is not necessarily an approxima- 
tion to the derivative of the true formula. It is true also that the integrals to successive 
approximations to a true formula are not necessarily successive approximations to the 
integral of the true formula, unless the successive approximations are uniform. These 
conditions cannot be said to hold in such fine approximations as those of the Michel- 
son experiment. Therefore it has seemed to us, and it still seems to us, to be necessary 


to proceed by direct calculations from definitely stated assumptions, rather than 
through an intermediate proof (e.g., Fermat’s principle) that is thus questionable. 
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principles of Huyghens and Fermat are not independent. The second 
may be deduced from the first. It is easy to prove that this is true. 
There is then no question of having two assumptions. 

Heprick: Is this really generally true? 

Lorentz: Yes; the relation between Huyghens’ principle and 
Fermat’s principle is absolutely general. I might repeat more pre- 
cisely some of the features of the reasoning I gave yesterday. 

Suppose P (Fig. 5) to be a luminous point. (The difficulties 
might of course begin here, if we were obliged to state exactly what 
we mean by this.) Suppose, further, that rot w=o, which is Fresnel’s 
idea. Making use of Fresnel’s coefficient and entrainment, we find 
the influence of a motion of the apparatus on effects of the first order 
to be the same for each of the paths /, and /,. 

There is still one point to be considered which I did not mention 
before. If we take into account effects of the second order, the 
path of the rays will be changed by the motion of the apparatus, so 
that we should have to use in one moment / and in the next J’. Still 
I think that for the effects under consideration it does not make any 
difference which one we take. [HEDRICK remarks: “Yes, that is all 
right.”’] It can easily be seen that the difference between / and I’ 
produces only an effect of the fourth order. We are thus justified in 
using the path existing without motion of the ether. 

Of course the value of the light-path / must be exact to the second 
order. For those cases in which we are concerned with the propaga- 
tion in ether only, this value follows from the expression for v 
(velocity of light in the moving system): 

I 


tt Se uw 2 1 ajin2 
ae E 7 608 oe (cos? ?+-4 sin 9)| “ 


[See expression (3) in Report II.] But the question arises, and this is 
what I wanted to add, what will be the form of the equation when we 
deal with light passing through the moving glass plates? In this case 
w?/c? would be replaced by k’w*/c?, where 1 —k = (n?—1)/n? is Fres- 
nel’s coefficient. Now this value for k might not be quite rigorous in 
this connection. The expression wkdi due to the entrainment by mat- 
ter might be doubted if terms of the second order are to be considered. 
This indeed might necessitate a change of magnitude for these 
second-order effects. It is to be remarked, however, that the dis- 
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tances through which the light travels in glass in Michelson’s experi- 
ment are comparatively so small, and that practically they cannot 
give rise to any difficulty at all. For all these reasons I think that the 
theory which I presented is general, and, at the same time of exact 
applicability to the actual instrument. In any case, I intend to study 
all the recent work such as Mr. Hedrick’s. 

Dr. G. STROMBERG: It is often said that the sun’s motion “in 
space” is 20 km/sec. toward the point a=270°, 6=+30°. This ex- 
pression is quite inadequate and means that the sun’s motion 
referred to the brighter stars is of this magnitude and direction. 
Referred to distant objects, this velocity is much greater. The sun’s 
velocity relative to the system of globular star clusters is about 
300 km/sec. in the direction a=320°, 6=+65°, and relative to the 
spiral nebulae it may be even larger, although in about the same 
direction. 

As the bigger reference frame is, presumably, the more funda- 
mental, the higher velocity may also be of more fundamental nature. 

And this is just what has been found to be the case. The sun’s 
motion as referred to different classes of objects in our neighborhood 
is quite different, and the general rule has been established that the 
higher the internal velocity dispersion in a group, the larger is the 
sun’s motion relative to this group. Practically all celestial objects 
can be arranged in a sequence with increasing velocity dispersion, 
and moving with different velocity along a certain axis. This se- 
quence terminates with the globular clusters, and a quadratic rela- 
tionship exists between group motion along a certain axis and the 
velocity dispersion along the same axis. This phenomenon can, at 
least formally, be explained as the effect of a velocity restriction in a 
fundamental reference frame in which the globular star-clusters are 
statistically at rest. 

Recent studies of the velocities of giant M stars have completely 
confirmed this hypothesis. In fact, it has been found possible to 
represent the velocity distribution along this fundamental axis in a 
much more satisfactory way by one disposable constant, in addition 
to this fundamental velocity vector, than by four arbitrary constants, 
as in the prevalent methods. 

In stellar motions we have to introduce a fundamental velocity 
vector of 300 km/sec. in the direction mentioned in order to secure 


77 


62 DISCUSSION 


order and regularity. This implies the existence of a “fundamental” 
reference frame, or “medium,” or “ether,”’ whatever we prefer to call 
it. The introduction of such a conception has been of great value in 
the study of stellar motions. 

ProFEessor H. BATEMAN: The Michelson-Morley experiment 
may be regarded as a test of the laws of reflection by a moving mirror. 
For the general case in which the source of light is moving relative 
to the earth, the question resolves itself into two: (1) Is the image 
of a moving point source of light a single moving point source of 
light as in the classical electromagnetic theory? (2) Are the space- 
time co-ordinates of a point source and its image connected by the 
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of the classical electromagnetic theory and the theory of relativity? 

On the assumption that the first question is to be answered in 
the affirmative, various modifications of the equations connecting 
the space-time co-ordinates of a point source and its image might be 
tried on the arrangements of mirrors in the Michelson-Morley 
experiment. The interference fringes may In each case be regarded 
as the fringes produced by light coming directly from certain image 
sources and traveling in accordance with certain assumed laws of 
propagation which are also under test. The general problem is still 
more complicated by the contraction of the apparatus. The first 
question of the sharpness of the image of a point source which is 
moving relative to the mirror is difficult to settle experimentally on 
account of the lack of point sources of light moving at a high speed 
and at some distance from the earth. The velocity of a shooting 
star may be forty-five miles a second, but this is probably too small 
for the production of lack of sharpness in the image. 


Director Adams closed the conference, thanking all the speakers 
for their contributions. 
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REVISION OF THE VALUE OF e/m DERIVED FROM 
MEASUREMENTS OF THE ZEEMAN EFFECT 


By HAROLD D. BABCOCK 


ABSTRACT 


With the aid of recent data on the structure of the spectra of Cr and Ti the value 
formerly derived for the specific charge of the electron has been revised. The previous 
list of 116 lines is now reduced to 48, with only such lines retained as may properly be 
used according to the present theory of the Zeeman effect. The lines now employed are 
those which had the greatest weight in the earlier work. Forty-eight new values of e/m 
are derived whose weighted mean is e/m=(1.7606+0.0012) X10o7 E.M.U./gm. This is 
practically the same as the earlier result, but somewhat more reliable. 


An earlier paper’ gives the ratio of the elementary charge, e, to 
the mass, m, of an electron as determined from the observed Zeeman 
effect produced on 116 spectral lines by a magnetic field of measured 
intensity. The lines were selected from the spectra of Cr, Ti, Zn, 
Ba, and Cd between the limits \ 3841 and X 4870, and thus only part 
of them could be used in any single determination of e/m. Those 
most frequently employed have Zeeman patterns which had been 
found to bear fractional relations to the normal separation involving 
only small denominators. The modern theory of the Zeeman effect 
fully confirms the observational evidence which led to the selection 
of these lines. Examples of this are indicated by asterisks in Table 
I, more fully described below. The mean result for e/m, as pointed 
out in Contribution No. 263, depends chiefly on such lines. 

Occasionally, however, other lines were also used for which the 
theoretical Zeeman effect is unknown, and still others now shown 
by the theory to be unsuited to precise measurement, except with 
resolving power much higher than that which was then available. 
These additional lines were included in the investigation because, 
with apparently reasonable assumptions, they gave results accordant 
with those from better lines and because at that time the spectra 
involved had not been sufficiently analyzed to afford a reliable cri- 
terion for excluding unsuitable lines. Although these doubtful lines 

1 Mt. Wilson Contr., No. 263; Astrophysical Journal, 58, 149, 1923. 
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played a minor réle in the investigation, their inclusion has met with 
criticism, and Gerlach,t for example, has felt that the result could 
be accepted as approximate only. 

In recent years much progress has been made in systematizing 
the complex spectra. Thus Ti and Ti+ have been very completely 
analyzed by Russell,? while Cr and Cr* have been studied by several 
investigators, among them Dr. C. C. Kiess, to whom I am particular- 
ly indebted for generous permission to use unpublished material. 
It has thus become possible to examine in detail the observations 
formerly made for the determination of e/m, and to derive a new 
value of this constant, based solely on lines whose Zeeman effects, 
as shown by theory, are capable of accurate measurement with the 
apparatus that was used. 

It has been verbally suggested by Dr. W. V. Houston that a 
theoretical objection may be made to the use of the Zeeman effect 
for deriving e/m, because of a possible influence of adjacent spectral 
terms of different multiplicity on the magnetic levels of the terms 
involved in the measured lines. Thus a quintet D-term whose sub- 
levels are widely separated might be affected by a triplet D-term 
whose distance, on the scale of wave-numbers, is not more than 
three or four times the separation of the extreme levels of the quintet 
term. In such a case spectral lines derived from combinations of the 
quintet with other terms would have slightly modified Zeeman ef- 
fects. 

Unfortunately, my data are too meager to afford a test of this 
question; but it appears that for the lines of greatest weight in this 
revision the terms are so compact, in comparison with their separa- 
tion from other terms which might disturb the magnetic levels, that 
no influence is to be feared. For example, in the case most favorable 
to such an influence, the separation from possibly disturbing terms 
is seven times the range of wave-numbers in the term involved in 
a measured line. 

Table I gives the 48 spectral lines which have been retained, 
together with the combination of terms for each line and the theo- 
retical Zeeman pattern, which in every case is confirmed within the 

* Geiger und Scheel, Handbuch der Physik, 22, 58, Berlin, 1926. 

2 Mt. Wilson Contr., Nos. 344, 345; Astrophysical Journal, 66, 283, 347, 1927. 
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errors of observation. Close lines like \ 4651.50 and A 4652.16 of Cr 
were used with precautions to avoid errors of measurement caused 
by blending of their components. Usually the outermost compo- 
nents, and sometimes those of intermediate separation, were 
omitted, depending on circumstances such as strength of magnetic 


TABLE II 

Plate a H e/m Wt. Plate a H e/m Wt. 
Leer: I.352 | 29,030 | 1.7543 SE etme ll seoesey Up Byey Coley || can Ay) 2 
ae 1.348 | 29,030 | 1.7491 P| |2Oee |) eke 22Or 20 SOOmm ia agi I 
CW Ase 1.360 | 29,030 | 1.7647 T || *SOneam| e225 20. 5OOn ene amnay 2 
Asante EPAfA le 27,070) rar sad: 1H ||| Bese eal) SEN) Hid, Goto || ain ely 2 
Rsrn5ea8 L287 | 27070 4) 2.7525 ON Seca) 2hse i) BOniteey || Teale ys! 2 
On ses 1.284 | 26,950 | 1.7946 Tel eSeiee T2380) e205 OO mma 5 70 I 
Ace 1.281 | 26,950 | 1.7904 Tales aee I.241 | 26,500 | 1.7642 I 
oe CANE 1.385 | 29,360 | 1.7769 | es See T-I45 | 24,200 lh ta7 756 2 
Oomeee rs 422 | 30,300 1 rn 7000 allies Orne 1 LASs||e2A), 200m mE ine 2 
TO uaa EeATL | 30,400) 1.7542 ra AN RY I.139 | 24,290 | 1.7664 2 
DE? savers 1.306 | 27,660 | 1.7786 | Stokes 1.238 | 26,500 | 1.7599 I 
1 Be Oe T-342 || 28,320 | 1.7837 ll) ters T2300 20s 5OOn eta 570 2 
Tanta: 1.485 | 31,810 | 1.7582 Bali ACar I.240 | 26,500 | 1.7622 2 
TAL inte 1.498 | 31,810 | 1.7740 ee] eee 1.238 | 26,500 | 1.7599 2 
ER a eiciows 1.487 | 31,810 | 1.7610 aa Aae D.231 || 203/500) "157/500 2 
rasa APE 1.478 | 31,810 | 1.7502 2O|FAS es) Se 2325 2OnbOO mle tne 504 2 
(8) Rd Boe I.490 | 31,810 | 1.7646 Tl 4402 |) 1.232 820) Soonlllie7 500 2 
Tans 3 1,474 | 31,810: | 137456 BAS eseele fe 24 20 |e2OncOonlmre 7050 I 
TOs teoks T7502) | St ,o10 |) 1.7787 3 || AOe es 242) (20 500m mn 705 0) I 
Dey ac T4770 3h, O20. || a7 40m Z| Agee ales? lO soon ete O50 I 
ae 1.486 | 31,810 | 1.7508 3 1} 48 1.248 | 26,500 | 1.7741 I 
7 chee 1.487 | 31,810 | 1.7611 3 
Fe 1.490 | 31,810 | 1.7646 2 
De sce TAO 7 | Si, Oren | te One 3 
2 ere a I.490 | 31,810 | 1.7646 I 
20h. 1.488 | 31,810 | 1.7622 2 
Ap id oe I.244 | 26,500 | 1.7684 2 


field, spectroscopic resolving power, and dispersion. Further, the 
inner p-components of lines like \ 4339.45 of Cr were omitted be- 
cause their small separation precludes accuracy in the result. 

Table II presents the new weighted mean values of the normal 
separation, a, derived for each plate from lines contained in Table I 
by dividing the observed quantity Av, corresponding to each pair 
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of Zeeman components, by the number which represents the ratio 
of the given separation to that of the normal triplet, as listed in the 
last column of Table I. Weights of individual values of a depend 
on the magnitude of Av and on the quality of the spectral lines. The 
third column of Table II gives the same magnetic intensities, H, as 
were found in the previous investigation, while the fourth column 
contains the revised values of e/m. 

No new measurements are given in this paper, but the new 
weights in the last column of Table II have been assigned to the 
separate determinations of e/m because of changes in the relative 
number of lines employed. As shown in the previous paper, how- 
ever, the weights have very little effect on the final result. 

The weighted mean value of e/m is found from Table II to be 
1.7610 X10’, which is the same as the result derived in Contribution 
No. 263. A further slight correction is required, however, because 
the velocity of light in air was formerly taken to be 2.9978 X10” 
cm/sec., whereas the new result of Professor Michelson’ is 2.99704 
10% cm/sec. Applying this correction, we find the final value to be 


e/m=(1.7606 +0.0012) X107 E.M.U./gm. 


In view of the selection of material on which this result rests, 
the probable error which is appended is of greater significance than 
in the former paper. It seems probable that the actual uncertainty 
in the result is not much greater than one part in one thousand. 

The value of e/m found here coincides with that derived by Dr. 
Houston? from measurements of the spectra of hydrogen and helium. 
This coincidence is undoubtedly accidental, but the fact that the 
two investigations agree in giving results distinctly lower than those 
found by other observers is perhaps significant. Discussion of the 
theoretical questions involved will not be attempted here, but it 
may not be superfluous to recall that Birge,3 in a thorough examina- 
tion of the relations among basic constants, concludes that the most 
probable value of e/m is 1.760107 E.M.U./gm. Furthermore, Dr. 
Birge, at whose suggestion this revision has been made, permits me 


t Annual Report of the Director, Mount Wilson Observatory, 1927. 
2 Physical Review, 30, 608, 1927. 3 Science, 64, 180, 1926. 
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to quote as follows from a paper which he is now preparing on the 
most probable values of general physical constants: 


Summarizing the results we find 


e/m=1.769+0.002 from deflection experiments 
=1.761+0.002 from Zeeman effect 
=1.761+0.001 from H and He spectra. 


The discrepancy between the first result and the last two seems to be real. 
Further details and the interesting conclusions reached must 
await the publication of Birge’s paper. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
October 31, 1928 
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IS THERE ARGON IN THE CORONA? 
By H. N. RUSSELL’ anp I. S. BOWEN 
ABSTRACT 


Critical study of the coincidences between lines in the spectrum of the solar corona 
and in that of argon, which have recently been suggested by Dr. I. M. Freeman, shows: 
(a) that the number of these coincidences is little larger than might be expected from 
pure chance, within the very wide limits of error which have been admitted; (b) that the 
discordances for the better-measured lines greatly exceed the limits of observational 
error; and (c) that the suggested coincidences are with weak or forbidden lines, while 
far stronger argon lines, which should be much more persistent, are absent. 

This cumulative evidence shows decisively that the attribution of the coronal lines 
to argon is without foundation. 

Formulae for computing the number of chance coincidences between spectra are given 
and tested empirically by comparison with fictitious lines chosen at random. 

Criticism of scientific work is a much less agreeable task than 
investigation, but it is necessary at times, for an erroneous conclu- 
sion, if not challenged, may be accepted by those without expert 
knowledge and may have a long life. We therefore feel under obli- 
gation to set forth the reasons which convince us that the recent 
attribution of most of the lines in the spectrum of the solar corona 


to argon’ is without foundation. 


I. THE CORONAL LINES 


In the paper under consideration, Freeman lists forty-five lines 
as belonging to the coronal spectrum, following the list prepared in 
1918 by Campbell and Moore.’ This list, as its compilers explain, 
was designed to be inclusive, and contains a number of lines recorded 
on one occasion only, by a single observer, and regarded by him as 
doubtful. Davidson and Stratton,‘ after a careful discussion, reject 
twenty of these lines as identifiable with known radiations of the 
high chromosphere, and regard only sixteen as of undoubted coronal 
origin. St. John and his collaborators in the revision of Rowland’s 
table’ list seventeen lines as coronal and five more as doubtful. It 

t Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 

2J. M. Freeman, Astrophysical Journal, 68, 177, 1928. 

3 Lick Observatory Bulletin, 10,10 and 21, 1918. 4 Memoirs, R.A.S., 64,142,1927. 

5 Carnegie Institution of Washington, Publication No. 396, p. 226; 1928. 

85] I 


2 H. N. RUSSELL AND I. S. BOWEN 


may fairly be concluded that only about half the lines on the longer 
list really belong to the coronal spectrum. 

For many of the lines, as Freeman notes, the wave-lengths are 
very poor. The fainter ones have been observed only with the ob- 
jective prism, which gives images of the corona itself, incapable of 
precise measurement. But the data for the stronger lines are much 
better. Davidson and Stratton during totality in 1926 obtained 
spectra of the corona (with iron comparison) with a large quartz 
slit-spectrograph, and of the flash at second contact with the same 
instrument. The latter shows hundreds of lines, which agree closely 
with the laboratory wave-lengths. For the first ten lines in each 
100 A (blends and one questionable identification being excluded), 
the average residuals, regardless of sign, are as follows: 


nN Lines Average Residuals 
BUOS=FIGO. rahi a ee 30 +0.044 A= +0.43 wave-numbers 
BAO 27 OOM as Caen cee 40 045 = 535 
EYsoveay Mitave UA Mey ORRMIM rich 40 +o.062 =+0.40 


The largest residual for these one hundred and ten lines is 0.19 A. 

The published reproduction of the photographs shows that the 
coronal spectrum is of equally good quality. The seven coronal 
wave-lengths observed on this plate should therefore have probable 
errors of the order of +0.04 A. Since the slit was set on the sun’s 
eastern limb for half the exposure, and the western limb for the rest, 
the solar rotation was eliminated. 

The measures in the visible spectrum are less satisfactory, ex- 
cept for the green line, for which the principal determinations with 
slit-spectrographs are: 


 Rowland’s 
Scale 

Campbell ees. Seton 1898 5303 .26 
Campbelle. eacat Rn rar ear 1918 5302.98 
Dyson: See ee ease 1905 5303.1 
Ruruhyjel arse ens areca IQI4 5303 .38 
Adams, St. John, and Ware........ 1918 5303.24 
Slipher v.52 Bee ae eee 1918 5303.0 
Davidson andSttatton.oeeesoseee 1926 5302.98 
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The simple mean is 5303.13 (Rowland) or 5302.95 (I.A.). The prob- 
able error of this mean found from the residuals for the seven de- 
terminations is +0.04 A. 


II. WAVE-LENGTHS 


In comparing the observed coronal lines with the spectrum of 
argon, Freeman has admitted the very wide tolerance of accepting 
a coincidence if the wave-numbers agree within 5 units. The cor- 
responding difference of wave-length ranges from 0.5 A at \ 3200 to 
2 A at \ 6400. Within these limits he finds that twelve coronal lines 
coincide with lines of argon which Meissner’ has classified as mem- 
bers of series in the arc spectrum, and six more with lines observed 
by him but not classified. Four other lines agree with lines of the 
“blue” (spark) spectrum of argon given in Kayser’s Handbuch; and 
ten are identified as due to transitions between terms of Meissner’s 
table, which do not lead to lines observed in the laboratory. 

Two very serious objections may be made to these identifica- 
tions: the limits of tolerance are far too wide, and the coinci- 
dences, such as they are, are with weak argon lines, while stronger 
lines, which are physically related to the lines in question, are 
absent. 

“Coincidences” within such wide limits must often happen by 
chance. This is discussed in detail below (sec. iv); but all working 
spectroscopists will recognize that no decisive results can be obtained 
from comparisons with a rich spectrum like that of argon, unless 
greater accuracy Is available. For the fainter coronal lines, the meas- 
ures are so poor that no definite identification is at present possible. 
For the eight well-observed lines mentioned above, the agreement, 
if the lines are really due to argon, should be within o.1 A. The facts 
are as shown in Table I. One of the eight lines has no argon line 
near it. For five more, the residuals are greater than for any one of 
one hundred and ten lines in the flash spectrum photographed with 
the same instrument two minutes earlier. One of the two remaining 
lines coincides with a very faint line in the spark spectrum of argon; 
the last agrees tolerably with two different predicted lines, neither 
of which has ever been observed. 

t Zeitschrift fiir Physik, 39, 172, 1926, and 40, 839, 1927. 

87 


4 H. N. RUSSELL AND I. S. BOWEN 
This is an extremely unfavorable showing and casts the gravest 
doubt upon the identification of argon in the corona. 


TABLE I 


WELL-OBSERVED CORONAL LINES 


Corona LINes Arcon LINES 
AX SouRCE 
Intensity K EA: ALA Intensity 

OV oy tase seat aes 3387 .96 3388 .35 5 —0.39 Meissner 
Ce ee tras 3454.13 3454-94 5 — .81 Meissner 
ie Oe ee 3600.97 3000.95 I + .02 Eder 

Cy pee 3642.87 3043 .09 8 — .22 Meissner 
Ae cata Srtion oes 3800.27 BROT) Osea arate tetas — .77 Predicted 
TOM ae oe Ee LcloloMels Men eer Ronee eecicy WEAN d cWaewel in Be cco S siepane || Skalereceet ee neraame 
1 SP ces oe 4086 .29 AOSSRAO) 1 Weraeen treet + .80 Predicted 
BOOB ONE eS 5302.95 8362". 840 olla era enter + .13 Predicted 
Sees teTataln crave vie Set sree a sions B302,001) |e siaeiaceree —0o.01 Predicted 


Ill. INTENSITIES AND SERIES RELATIONS 


The line-intensities lead to similar conclusions. For the six argon 
lines of type ts—mp (or mx) which Freeman identifies with coronal 
lines, the intensities range from 4 to 10 on Meissner’s scale. Within 
the same region (A 3359-A 3864) there are fifteen other lines, cor- 
responding to transitions of the same type, and of intensities rang- 
ing from 10 to 50, which do not appear in the corona. The six lines 
of type 2p—ms (or md) which are supposed to appear in the corona 
have intensities between o and 10. Within the same region (A 4586- 
h 5597) there are twenty-three similar lines of intensity 10-20, and 
three lines of type is—mp with intensities go and 100, all of which 
fail in the corona. Finally, the six faint “coronal” lines recorded by 
Meissner, but not classified, have intensities from o to 5, while not 
one of ten lines of intensity roo in the same region (A 3950-A 4300) 
appears! To cap the climax, two of these strong lines (A 4044.419 
and \ 4272.169; 18,—3p; and 1s,—3p,) are early members of series 
whose later and fainter members are supposed to be present 
(A 3461.07 and A 3388.35; 18,—4DPs3, 18;— 57). 

If the coronal lines were really due to argon, it would follow 
that a few faint members of certain series were excited, while far 
stronger lines of similar series, or even of the same series, failed to 
appear. Such erratic behavior, under solar conditions, is quite in- 
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credible. It is true that under very special conditions certain lines 
in a spectrum may be excited without others—for example, when 
the gas is stimulated to resonance by a few artificially selected wave- 
lengths, as in Wood’s experiments on mercury vapor. But, in the 
vicinity of the sun, excitation, whether by radiation or by collisions, 
must be distributed indiscriminately over a wide range of energy, 
and no such selective influence can occur. Even if it did, it could 
hardly pick out individual lines in the fashion suggested. For ex- 
ample, for each of the recorded lines 1s—mp there are two or three 
other lines, corresponding to transitions downward from the same 
excited level. However an atom of argon gets into this state, it 
may be expected to emit all these lines; yet the others are not record- 
ed, though many of them are stronger than the ones which are sup- 
posed to appear. 

The predicted lines remain to be discussed. Eight of them sup- 
pose transitions of the type 1s—md or 1s—ms’—that is, between 
atomic configurations in which the excited electron is in a 4s “orbit” 
and a 3d—which are of the “forbidden” type. The other three 
transitions escape this objection; but two of them violate the inner- 
quantum rule, 2p;—7s;’, involving a jump from o to 2, and 2p,— 
gd; from o to 4 (!). Forbidden transitions may give strong lines, when 
the upper state involved is metastable, as in the nebulae, but such 
transitions from highly excited states which are not metastable have 
been observed only in sources where the emitting electrons are 
subject to strong electric fields (many thousands of volts per centi- 
meter), and are utterly unlikely in the corona. 

The only permitted line is 2p,;—9s,, which agrees fairly well with 
the green coronal line. But the series 2p,—ms, is a faint one—the 
observed intensities for m= 4, 5, 6, 7 being 4, 0, 0, o (the last a blend 
with another and probably stronger line), while m=8 has not been 
observed. There can be no chance that m=g gives a strong line. 

Finally, four coronal lines (AX 3237, 3505, 3001, 4130) are identi- 
fied by Freeman with lines of the “‘blue”’ or spark spectrum of argon. 
These lines are faint, intensities 1-3, and their laboratory wave- 
lengths are none too good. Many strong spark lines in the same re- 
gion are absent. 

It may finally be remarked that, if argon were present in the 
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corona, it should occur in greater abundance in the chromosphere, 
where its lines should appear, especially the very strong ones in the 
red and the violet. No trace of them has been found. 

In view of this cumulative evidence, there appears to be no es- 
cape from the conclusion that the coronal lines are not due to argon, 
and that the rough coincidences of wave-length noted by Freeman 
are accidental. 


IV. PROBABILITY OF ACCIDENTAL COINCIDENCES 


A discussion of the probability of chance agreement is next in 
order. Freeman states" that he has investigated this, and finds that 
there is but one chance in a thousand that the relations which he 
has found are accidental. He gives no details. We are unable to 
verify his results, and our conclusions regarding probability differ 
radically from his. 

It is simplest to go back to first principles. Suppose that a given 
spectrum contains M lines within an interval of X units of frequency. 
What is the probability that a wave-number chosen at random with- 
in the range X shall lie within x units of one or more of the spectral 
lines? 

Consider any one line in the real spectrum. The arbitrary “line”’ 
will meet the condition if it lies within a strip of width 2x units, 
centered on the real line. The probability that this will happen is 
2x/X, and that it will not happen, 1—2”/X. The probability that 
the “‘coincidence’’ will fail for all the M lines is (1 —2”/X)”, and the 
complementary probability that it will happen is 


par— (1-3) (x) 


For small values of x, this gives approximately p=2Mx/X; but this 
value is too great, since it ignores the probable overlapping of the 
strips centered on different spectral lines. 

If now we start not with one, but with W arbitrarily chosen wave- 
numbers, the probability p will be the same for each. The average 
number C of chance coincidences within the limit « which is to be 
expected in a large number of trials will be given by C= pN. 

1 Op. cit., p. 185. 
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If J is the average interval between the spectral lines, then XY = 


MI, and 
M _ 2% 
ccale(oisy wt). 


The latter value, which is the limit of the preceding expression when 
M is great, is a sufficient approximation in practice. 

In the case of the coronal lines, Dr. Freeman finds the average 
interval between each identified line and the next adjacent argon 
line on each side to be 30 wave-numbers. This is then the average 
value of J for the part of the argon spectrum under consideration. 
With N=45, x«=5, equation (2) gives C=12.9. Thirteen coinci- 
dences of coronal and argon lines, within the assigned limits of error, 
might be expected as a result of chance. 

In individual cases deviations from the mean value are to be ex- 
pected, on account of the error of random sampling. If p is the 
probability that a given event will happen in one trial, the probabil- 
ity g that it will occur r times out of J trials is given by the equation" 


—pN)2 
t Ae. 


= —- é 2Np(1—p) | 
2 V arp(1—p)N G3) 


That is, the individual values found in a large number of trials will 
be distributed about the mean value VP with a standard deviation 
given by the equation 

o=Np(i—P). 


In the present case, V=45, p=0.29, and c=+3.0. The correspond- 
ing probable error is 2.2, so that we may state the chance expecta- 
tion more precisely as 12.9+ 2.2 coincidences. The observed number 
(for lines of the arc spectrum) is 18. The difference is hardly signifi- 
cant. The average residual in the case of accidental coincidences 
may readily be calculated. By (1) and (2) the probability that an 
arbitrarily chosen wave-number will be within the limits x and 
x+dx from the nearest spectral line is 
d p=; e dx. 
t Burnside, Theory of Probability, p. 44, 1928. 
gi 
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The mean value of the distance, for all cases in which it is less than 
x, will be 


Rea Cees xe 7 uf _ & oe 
ar hacer art tees). (4) 


Substituting J=30, «=5, we find x=2.36. The observed residual, 
regardless of sign, is +2.1—a good agreement. 

The approximately equal numbers of positive and negative resid- 
uals, which Freeman takes as evidence that they represent the ac- 
cidental errors of observation, are of course equally well explained 
by chance. : 

It appears, therefore, that the coincidences between the coronal 
lines and those of the arc spectrum of argon are of substantially the 
character which should be found if they are of accidental origin. 
This may be tested further by considering the numbers of coin- 
cidences within closer limits. For the eighteen arc lines in Freeman’s 
Table II, the observed distribution of the residuals, without regard 
to sign, and that to be expected by chance, are as follows: 


Observed Computed 

Obra, ces panrnety ee oS 4 12) 
Te Baie ee eae 4 3.0 
Dee se ie eiesn rita a oe a DT, 
Ce Cm OTe Ae 2 2015 
ya RORY Crp ede Pes the B 2.2 
Bis cad aan enamel Pia, 2 1.2 

CL OTAL ee Te 18 127.0 


In computing the chance distribution from (2), it is assumed that all 
residuals less than 0.5 are recorded as “‘o,” those between 0.5 and 
1.5 as “1,” and so on, except that “‘5” means residuals between 
4.5 and 5.0. 

On the face of this evidence, there might be some real coinci- 
dences among the lines with residuals of o or 1. These lines are as 


follows: 


RESIDUAL oO 
Corona Argon Notes 
SA OTE aera Faint (10) i ia 
BO7 2 waren ee eee Faint (8) Lom 
Wa toe etine te ener ae Faint (GO) Or We cece nee 
RE OTS ee ne ets Faint Gay, ¢ (Male 
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RESIDUAL +1 


BaD Reh ae a: Fairly strong (1) Tas 

CUNT be 6 Bost peeeeais Strong (5) Coronal line 
AQT Meee Sets. lt Faint () ie ae Py hl ree 
Crs Oe Oe ep aoe Ratherdaint VO), ees esas. 


The only strong coronal line among the eight shows an altogether 
inadmissible residual, according to the measures of Davidson and 
Stratton (Table I). Three of the others are identified by these 
observers as chromospheric lines of 77+. The remaining four are all 
faint in the corona, and our physical arguments apply to them with 
full force. 

The four lines which are identified with argon spark lines must 
be considered separately since this is a quite independent spectrum. 
They lie between wave-numbers 31,000 and 24,000. Within this re- 
gion there are one hundred and twenty-three arc lines in Meissner’s 
lists and two hundred and forty-three spark lines in Kayser’s Hand- 
buch. The number of chance coincidences should therefore be greater 
than for the arc. Within this region Freeman gives six coincidences 
with arc lines. There are ten-coincidences with spark lines, within 
his limits, but when there is also agreement with an actual or pre- 
dicted arc line, he prefers the latter. Here again the agreement is 
evidently due to chance. 

In view of the importance of the conclusion that the observed 
agreements are accidental, we have tested the matter further in a 
way which takes into account the unequal density of distribution 
of the argon lines in different regions of the spectrum. The whole 
observed range has been divided into intervals of 1000 wave- 
numbers and formula (2) applied to each interval successively (the 
factor 1—2«”/X having now the fixed value 0.99). The results are 
given in Table II. The sum of the resulting values of C gives the 
whole number of coincidences to be anticipated as 13.6, slightly 
greater than that of the simpler approximation. 

It should be noticed that the numbers of observed coincidences 
rise and fall in striking parallelism with the predicted values—which 
is further evidence of their accidental origin. 

To find the probability of coincidences between the coronal and 
predicted argon lines, the whole number of differences between 
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subtracting the number of observed series lines between these limits, 
the number of possible predicted lines between these limits was 
found. By proceeding as in Table I and considering those coronal 


TABLE II 


CALCULATED NUMBER OF COINCIDENCES BETWEEN CORONAL 
AND ARGON LINES ALLOWING TOLERANCE OF 
5 FREQUENCY UNITS 


M ? N G 
: Number’ /|Probability of} |. Number Probable 
hos peel Argon Coincidence Coronal Number of Observed 
ELSE Lines per Line Lines Coincidences 


15,000 
16,000 
17,000 

7) 67 
18,000 
19,000 
20,000 
21,000 
22,000 
23,000 
24,000 
25,000 8 

: .08 
26,000 
27,000 

‘> 18 
28,000 
29,000 

)s 26 
30,000 
31,000 
32,000 


.28 


.00 
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Meissner’s terms which fall between given limits was calculated. By 


H 
co 


Totale alts: 2. 5:5 ea. Rees eee |e eee, Ree 13.56 


lines which had not already been identified with arc lines of argon, | 
the whole number of coincidences which might be expected by acci- 
dent was found to be 11.17. The observed number is 10. Here less i 
is found than should usually appear by chance. | 


V. FURTHER TESTS OF PROBABILITY 


To test still further the validity of equation (2) we have taken 
other sets of numbers by modifying the coronal wave-numbers in 
various ways—first, by adding or subtracting arbitrary amounts, 
and then by substituting, for the last two or three figures of the 
coronal data, figures obtained by putting a pencil down blindly on 
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a table of logarithms. The latter test was repeated twenty-five times 


to secure statistically significant results. The results are given in 
Table III. 
TABLE III 


COINCIDENCES OF ARGON LINES WITH 45 ARBITRARILY 
SELECTED WAVE-NUMBERS 


Number | Average Average Average 

of Coinci-| Devia- Number | Devia- | Number | Devia- 
dences tion tion tion 
OrOnae shee «2 18 BD 10 1.9 15 ae 
Worona 1607, 17 Boi Corona with II 2.4 15 1.9 
Corona +100... 07 2.4 last three 13 DS 10 2.4 
Corona —10l... 14 L7 ficures at 16 320 14 1.8 
Corona +10/... 13 Di careienie 16 BEA 13 Ph 
Wes Dat I4 TG 
13 1.8 I4 3.3 15 Be) 
Last two figures 19 G28 12 200 16 2.9 
at random.... 9 2.9 14 aan Io es 
I5 ES 12 2.4 ste) 2.3 

17 20 


N denotes the serial number of the line in the list. 


For the shifts of one hundred wave-numbers, which destroy all 
the physical significance of the data, the number of coincidences is 
only one less than for the coronal lines themselves. 


TABLE IV 
NUMBER OF COINCIDENCES WITH RANDOM “LINES” IN 25 TRIALS 
<s Calculated | Observed in ee Calculated | Observed in 
No. of Coincidences Expectation 25 Trials No. of Coincidences Expectation 25 Trials 
Tis COTE eres 0.3 ° baa ce mR ao 2.9 5 
2S RPREATAS sssyeuS or. 5) « O.7 ° EO exces 253 3 
Orman ses ues Beit I a phen Ror aes aie Taee7, I 
THO}, Ge ae eee T7 4 Td abewnt rn Sos Th ae ° 
TE oe eee 23 I SQL Soci eer Ps as On i 
PD eetie ta ad Se 20) 2 20. tee 0.3 ° 
TAs 3 aeRO ee Ee Big? 3 PBs ete EE ae Os2 ° 
Tih. 2 er 3.2 4 BOT ee sn ees Ont re) 


For the twenty-five cases in which the last figures are purely 
arbitrary, the mean number of coincidences is 13.52, as against 13.56 
calculated in Table II. The average deviation of these arbitrary 
numbers from the argon lines, for the whole series, is + 2.34, while 
equation (4) gives 2.36, if applied to the data as a whole with 
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2x/I=1/3, and 2.27, if applied to successive intervals, as in 
Table II. 

The distribution of the number of coincidences actually found 
in the various trials compares with that predicted by formula (3) 
as indicated in Table IV. 

The agreement is good. The standard deviation from the mean, 
13.5, is +2.5—less than the predicted value 3.0; but the probable 
error of determination of the standard deviation from  observa- 
tions is 0.6750/)/ 2”, or +0.40 in this case, so that the difference 
is not significant. This empirical test therefore confirms the theo- 
retical formulae at all points. 


VI. CONCLUSION 


The result of the present investigation is definite. The number 
of coincidences between the coronal lines and those of argon is very 
little greater than would usually occur by chance, within the very 
wide limits of error which have been adopted, and is no greater than 
has been found, in a moderate number of trials, with “lines” chosen 
quite at random. So far as considerations of probability go, a small 
fraction of the apparent coincidences might be real; but the total 
absence of all the stronger and more characteristic lines of argon from 
the corona settles the question in the negative. For the well-meas- 
ured coronal lines, moreover, the discordance of wave-lengths alone 
puts the identifications out of court. When critically considered, 
therefore, there is no spectroscopic evidence of the presence of argon 
in the corona, or, for that matter, elsewhere in the sun. 

The coronal spectrum remains a mystery. A careful search by 
one of us (I. S. B.), to be reported elsewhere, has revealed no coinci- 
dences with forbidden lines of other elements—a fact which is prob- 
ably explained by the intensity of radiative excitation as suggested 
by Eddington,’ and we have at present no solution of the riddle to 
offer. 


In conclusion we desire to impress upon observers of coming 
eclipses the great importance of observations for the definite dis- 
* Monthly Notices, R.A.S., 88, 134, 1927. 
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crimination between coronal and chromospheric lines, and of precise 
determinations of wave-length for the latter with slit-spectrographs. 
Without such data a positive identification of most of the coronal 
lines is hardly possible. 
CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 


CALIFORNIA INSTITUTE OF TECHNOLOGY 
December 31, 1928 
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A SPIRAL NEBULA AS A STELLAR SYSTEM, 
MESSIER 31 


By EDWIN HUBBLE 


ABSTRACT 


Material.—The present discussion of M 31 is based on the study of about 350 photo- 
graphs taken with the 60- and roo-inch reflectors, distributed over an interval of about 
eighteen years. Two-thirds of the total number were obtained by the writer during the 
five years 1923-1928. Since the image of the nebula is much larger than the usable 
fields of the telescopes, attention was concentrated on four regions centered on (1) the 
nucleus, (2) 23’ north following, (3) 17’ south, (4) 48’ south preceding the nucleus. 
The combined area, with allowance for overlapping, represents about 40 per cent of the 
entire nebula. 

Resolution.—The outer regions of the spiral arms are partially resolved into swarms 
of faint stars, while the nuclear region shows no indications of resolution under any condi- 
tions with the roo-inch reflector. Intermediate regions show isolated patches where 
resolution is pronounced or suggested. 

Variables.—Fifty variables have been found, nearly all in the outer regions where 
resolution is pronounced. The survey is believed to be fairly exhaustive in the four selected 
regions down to 19.0 photographic magnitude. 

Cepheids.—Forty of the variables are known to be Cepheids with periods from 48 days to 
ro days and maxima from 18.1 to 190.3 photographic magnitude; one exceptional star varies 
from 17.9 to 19.2 ina period of 175 days. The period-lwminosity relation is conspicuous, 
and the slope is approximately that found among Cepheids in other extra-galactic systems. 

Distance of M 31 derived from Cepheid criteria-—Comparisons of period-luminosity 
diagrams indicate that M 31 is about o.1 mag. or 5 per cent more distant than M 33, 
and about 8.5 times more distant than the Small Magellanic Cloud. Using Shapley’s 
value for the Cloud, we find the distance of M 31 to be 275,000 parsecs. 

Variables other than Cepheids.—Of the 10 remaining variables, 4 are probably very 
faint Cepheids for which the data are insufficient to establish the characteristics, and 
6 are irregular or long-period variables. The latter group includes the brightest vari- 
ables in the nebula. 

Novae.—Sixty-three novae have been found by the writer, which, together with the 22 
previously observed, gives a total of 85 observed photographically which are now available 
for statistical investigation. The novae exhibit a striking similarity in their behavior, and 
the mean light-curve is of the same general character as that for galactic novae. The fre- 
quency distribution of magnitudes at maxima can be represented by an error-curve with 
a maximum at about 16.5 (f= —s.7 for the distance indicated by the Cepheids) anda 
probable error for a single nova of about 0.5 mag. Selective effects appear to be un- 
important, and a restricted range of about 4 mag. seems to be established. 

Novae are most frequent in the nuclear region, and, in a general way, their distribu- 
tion follows that of the luminosity in the nebula. Position in the nebula appears to 
have no effect on the luminosity of novae. It is estimated that novae appear at ihe rate 
of about 30 per year. 

Brighter non-variable stars.—Preliminary surveys suggest that few stars in M 31 are 
brighter than M@ =—6 (distance, that indicated by the Cepheids) and that large num- 
bers are to be found only for M fainter than —5. A study of the open cluster N.G.C. 
206, involved in M 31, indicates that the average color-index of the brighter stars is of 
the order +0.3 or +0.4 mag. 

Mass and luminosity densities in M 31.—The mass density of M 31 appears to be 
of the order of one sun per 20 cubic parsecs, and the luminosity density, about 9.0 mag. per 
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cubic parsec. With the sun as unit, Mass=5.5L. These values are of the same order as 
those for the galactic system in the neighborhood of the sun. As the nucleus is approached, 
the coefficient of the mass-luminosity relation decreases until, for the nucleus itself 
(diameter about 4 parsecs), it falls below o.oor. 

Relative dimensions of M 31 and the galactic system.—A tentative comparison of 
sizes, masses, luminosities, and densities suggests that the galactic system is much larger 
than M 31 but that the ratio is not greater than that between M 31 and other known 
extra-galactic systems. 

Messier 31, the great nebula in Andromeda, is the most conspicu- 
ous of all the spirals and the only one which can be seen easily with 
the naked eye. It appears as a hazy patch about 30’ by 15’, some- 
what brighter in the center, witha totalluminosity variously estimated 
as from the fourth to the fifth magnitude. The object is listed as a 
nebula in the tenth-century star catalogue of Al-Sufi, and appears on 
some of the pre-telescopic star charts. It was first examined with a 
telescope in 1612 by Marius, who gave the famous description, “‘like 
a candle seen through a horn.” Of the many subsequent drawings 
and descriptions that were based on visual observations, the most 
notable are those by Bond and by Trouvelot. 

In 1885 interest in the nebula was stimulated by the appearance 
very close to the nucleus, of a nova, which reached the eighth magni- 
tude. Two years later the photographs made by Isaac Roberts with 
his 20-inch reflector showed for the first time the main pattern of the 
spiral structure. Ranyard reproduced one of Roberts’ photographs 
in Knowledge for February, 1889, and the article which accompanied 
it was the best discussion of a spiral nebula which had appeared up to 
that date.t Among other things he mentioned the numerous stars in 
the outer regions of the nebula, the significance of which was not fully 
appreciated until many years later. 

Early visual observers of the spectrum reported bright lines on a 
continuous background. In 1899, however, Scheiner? photographed 
the now familiar solar-type absorption spectrum and announced em- 
phatically that the nebula must be a system of stars. Radial veloci- 
ties of the order of —300 km/sec. have since been measured by 
several observers. The inclination of the lines which appears when 
the slit is oriented along the major axis, first reported by Slipher, was 

« This first reproduction was from a drawing copied from the negative. The same 


volume, however, contains two photographic reproductions, the later of which, in the 
August number, is exceptionally good. 


2 Astrophysical Journal, 9, 149, 1899. 
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measured by Pease’ in 1917. The linear velocity of rotation as in- 
dicated by the measures is of the order of 0.48% km/sec., where x is 
the distance from the nucleus in seconds of arc. The measures extend 
to about 150” from the nucleus, and the rotation is in the sense that 
the south preceding end of the nebula is approaching us relative to 
the nucleus. 

Ritchey,” in 1917, discovered two faint novae on his earlier photo- 
graphs of M 31, and since then the observers at Mount Wilson, fol- 
lowing the nebula for the purpose, have found eighty-three others. 
In the course of this work the writer, in 1923, found two faint vari- 
able stars which further investigation proved to be Cepheids with 
periods of twenty and thirty-one days, respectively. About the same 
time, photographs centered along the outer arms of the spiral re- 
vealed a high degree of resolution into individual stars (Plate I), 
which was entirely lacking in the nuclear region where previous 
plates had been centered. This opened a new field for investigation— 
the study of individual stars involved in a spiral nebula—which has 
been developed primarily by means of the too-inch reflector. 

Thus far some fifty variables have been found in M 31, and forty 
of them are known to be Cepheids. The period-luminosity relation is 
conspicuous among the Cepheids, hence the distance of the spiral is 
determined with considerable accuracy in terms of the distance of 
the Magellanic Clouds. Shapley’s value for the zero point of the 
period-luminosity relation leads to a provisional value for the abso- 
lute distance. 

The stars in M 31, including the novae and the Cepheids, are so 
closely comparable with those in the neighboring spiral, M 33, that 
the two systems may be combined for a general discussion. The con- 
siderable numerical data resulting from this combination, together 
with the consistency of the various independent criteria, confirm the 
general order of the distances derived from the Cepheids and suggest 
no revision of Shapley’s value for the zero point of the period-luminos- 
ity relation. The data for M 33 have already been published,’ and 
will be used freely in the present discussion of M 31. 

t Proceedings of the National Academy of Sciences, 4, 21, 1918. 

2 Publications of the Astronomical Society of the Pacific, 29, 210, 1917. 

3 Mt. Wilson Contr., No. 310; Astrophysical Journal, 63, 236, 1926. 
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VARIABLE STARS 


M 31 is an intermediate-type spiral, Sb in the writer’s classifica- 
tion,’ with its equatorial plane inclined about 15° to the line of sight. 
The unresolved nuclear region is about 30’ X10’, and the maximum 
extension of the arms, on long exposures, is about 160’ X40’. The 
arms exhibit considerable resolution, and there are patches, especial- 
ly in the south preceding end, where the stars fairly swarm on the 
photographic plates. 

Fifty variables have been found among the stars scattered over 
the image of the spiral, and most of these undoubtedly belong to the 
nebula. The search is believed to be fairly exhaustive, down to 19.0 
photographic magnitude, in four regions of the nebula, centered as 


follows: 
Region 1. The nucleus 


2. 23’ north following the nucleus 
3. 17’ south of the nucleus 
4. 48’ south preceding the nucleus 


The usable fields around these centers have radii of from 12’ to 15’, 
and the combined area, with allowance for overlap in Regions 1-3, 
represents about 40 per cent of the entire nebula. 

For the central region and for the brighter stars in the adjacent 
regions as well, some two hundred and seventy plates covering a 
period of eighteen years are available. A series of ten photographs by 
Ritchey in the autumn of 1909 is followed by a gap of eight years 
during which only three usable plates were obtained, but from 1917 
on the material is fairly well distributed. Previous to 1920 the plates 
were all obtained with the 60-inch reflector; since then the 60- and 
the roo-inch have been used indiscriminately. The exposures and 
seeing conditions vary widely since many of the plates were obtained 
in the search for the relatively bright novae. The better photographs 
represent average exposures of about sixty minutes with the 60-inch 
reflector and thirty to forty minutes with the roo-inch, although oc- 
casional plates were exposed up to five hours or more. In general, 
fast plates were used throughout. 

The photographs centered on Regions 2, 3, and 4 represent ex- 
posures of seventy-five to ninety minutes with the roo-inch reflec- 

* Mt. Wilson Contr., No. 324; Astrophysical Journal, 64, 321, 1926. 
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tor and, in general, are of a rather better quality. The variables 
in Regions 2 and 3 have been followed consistently only since 1924, 
but some of them are found on the larger and longer-exposed plates 
of the earlier series. The season 1924-1925 is especially well repre- 
sented. Two series of fifteen and ten consecutive nights, respectively, 
during which the observing conditions were uniformly excellent, in- 
dicated immediately the general nature of the light-curves of many 
of the variables, and suggested periods which were confirmed by 
reference to earlier plates. Variables Nos. 5 and 10, with about sixty- 
five observations each, are the least well observed. 

Some seventy-five plates of Region 4 have been assembled, rep- 
resenting exposures on about sixty different nights. The material 
appears to be rather scanty, but, in this region as well as in the 
others, each variable for which a period has been determined has 
been followed for at least one complete season after the determina- 
tion, and in no case has this test led to a radical revision. Periods 
close to an even day, or submultiple of a day, have been definitely 
eliminated by sets of plates obtained on single nights. In all, about 
twenty such sets were made, often on successive nights, representing 
intervals ranging from two to nine hours. 

Sequences of comparison stars with steps averaging about 0.2 
mag. were selected for each variable and were calibrated by some 
sixteen comparisons with Selected Areas 20, 21, 44, and 45. The 
magnitudes are all photographic. The unpublished magnitudes of 
stars in the Selected Areas, available through the kindness of Mr. 
Seares, extend to about 18.5. Fainter magnitudes are extrapolations; 
but to 19.0 they are believed to be of the same accuracy as the fainter 
stars of the Selected Areas. From 19.0 to 20.0 the extrapolations 
must be considered as increasingly unreliable, although the results 
from the various plates are in substantial agreement. In the case of 
a few variables, notably Nos. 3 and 4, the background of nebulosity 
is so dense that the measures are very uncertain even for the brighter 
stars. 

The magnitudes of the variables, estimated to the nearest tenth 
by comparison with the sequences, are believed to be fairly trust- 
worthy (except where the plates were exposed under poor conditions) 
over the brighter portion of the light-curves. The minima, however, 
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TABLE I 
VARIABLES IN M 31, CENTRAL REGION 
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TABLE I—Continued 
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BOZO FF wa.cescans 267 F 18.3 
BORE TS crits sie $278 Pow ines ‘ 
BOGS Ro haere H335 Grles.6 4 ; 
Bia O Nakao a-a3 330 G r8e8e |nores Ronse |hOnte | oarte TO;6--|78.0 |TOnO) ulnar 
AGO SAE cg ooh os 348 F 43.5 |19.2+-|10.5 |10-% |.«-..- TOS eu |LSes | TOw ss levee 
ROS «lho Sa tetas 351 ig BSF ESC SE eee oil areralcieacoiee LSisy TS Se TOLSs emote 
BISQLS «teen va 353 Py 88H [846i eee creer tenatecs eae T8070 Jeanie 19.3+ 
B3700s4 nw wane $285 BR ix8:8) |t8/8 "|\tosd-|to-r leone TS Owalle eects 19.5+|18.8 
BIOL Ae caida cies 292 F 18.3 |18.8 |19.3+]19.0 |...... Cte Ba Iie at 19.6 |18.9 
SEIS. Sane okies 301 F IQ.3) |ZOSE+/TO.0: (EO. Gatrlinn onecilln ecm 18.55 |19.2 |18.4 
SELO.Ss steve ces 310 F I9.iI+]19.1t+]19.r+]19.3+]......]...05- 18.65 |19.3 |18.5 
ABO AF acesats fasanc 320 F TOcE Gs) ley outen lenisecee tae toate 1h tay A lesa ci 18.6 
AIS ek we 8 aries d H355 G |r9o.1 |19.1+]19.5 |19.7 |...... EO.G | ITS-OS UTOes a liecsre 
SAS eRe awa 357 F /18.6 |19.2+]19.6+]19.6 |...... LO.) ||EBc7ee Ov eelaeareee 
PETS BES wince asa s 363 F 18.3 |19.2+]19.6+]19.6+]...... IO. 8 1FS. 7) N20 aos 
RMAR Aas saicnae A73 DP.  Waretetesaresl\sgann coveves| attaasuevayo+| ios ot|iacareraval| Meteeh teets | (ebenereste el | eave retina ieameettte e 
3969. H376 hea ae Tact (TSLS! ove FBO! | ned oil sutraencacal | lerarawere a (emenenee 
3970. 381 Ta Oe tee aoe esis aricreeseee | arrevree TOS hes ws 18.9 |19.2 |r9.3+/190.4-- 
3071. $320 P EQS RRS ae achw alls wic-erna toutes lm eotaters, Neteller 
3900. 336 Pad rene £810, ~ 1S, alia.5 reteacd oreo eee betarte cole | laren core I ecoeaite | cee 
3901 . 338 Gi Tron T8cSs 87 eee TQ sda [ESO ere aves ¥O.43) | lorena 
3993. $339 GP MBO. seEOLOs ILORO mecha 19.4+|18.6 |...... TOLL «| Secrets 
3004. 343,4 |] F |19.4 |19.0 |ro.r |19.3+]19.6 |18.9 |18.6 |19.0 |19.4 
3905. 348,90 G |19.4 |19.2 |18.9 |19.2 |19.5 |18.8 |18.6 |r9.15 |10.3 
3906. H384,5 | E |19.4 |19.4 |r9.3 |19.0 |19.3 [18.9 |18.7 |r9.3 |10.4 
3997 - 389,09] G j|r9.4 [19.4 |19.5 |19.0 |x9.r |19.0 |18.5 |19.4+/190.4 
3908.65. . 005+: 394,5 | E |19.4 |10.4 |19.5 |19.2 |18.9 |19.3 |18.5 |19.3+]19.4 
S000. OL ia ass & $350,1 GQ Pov tong © toss) eee a, TSO) NOE. IBCs een 19.4+ 
BOOOIGT yc asces H307 Re tors ators: -|rovOon eee Tie Nae 18.7 |r9.3+]190.4 
AOOT.OL: vate vas 398 F 10.3 120;5) -[t0-8 ces TO Or Ne ecm 18.8 |19.3+]19.4 
AO08 268. voice 40354 E {19.4 |19.3+]19.55 |19.4+|18.55 |19.5 |18.9 |19.4+]...... 
BOOS: Gee ahere 409,0 ED MLO vA EGS ie ome alice oie 18.5 |19.6 |18.8 |r9.3+]19.4 
HOOK SE Lis msiensele 414,5 BS iO Ae tG.5: | |ZOCSu heaton TOsOu il ecoleuts 19.0 |19.5+]19.5 
WIPES th 35 x simsels Br82 F 10.3) 129.4-1|70-4. Reon. : XO Yor cl Paring cP Rea oe er see teal sae or: 
BOCA Bie sc ek D238,1 F |rg.2 |19.4+]|19.25 |19.3+|19.3 |19.5 |18.2 |19.7 |19.4 
MODS Niece wpe 243 ,6 F {19.4 |19.4 |19.3 |10.7 |19.3 |19.5 |18.r |19.5 |10.3 
HOGG ED oka $353,6 F TOss 1TO.5 Os = lee oe 19.3 |19.5 |18.2 |19.4+/19.3 
eet ae cs Meena 359,0 F 15.4. FO-35 156-5 Ailes oe I9.2+|19.7 |18.2 |18.9 |19.4 
BOONE eaten H418 (on Parone I9.I |19.5+]19.6+]...... T9715! ||TS oD a |LOtO un eee 
BOZOK vies vs ns $361 F EQi Tat |15 75h eras o\ilirese reas CQ Enpella.a.2 xt Weer es wlie een ee eee 
AOS SS Ayer cures 362 Bes ners ERG! ee oie esis 19.7 |18.25 |r9.m {10.4 
BOST Si. coca H420,1 G Wxorr-|t8:6 9 ose Meee eae 19.4 |19.5 |18.2 |19.3 |10.4 
ASSA Seca. 424,6 G |19.3 |18.9 |19.6 |19.7 |19.2+1]18.6 |18.35 |19.3 |10.4+ 
AOSS2O0 soc eee 427,0 G j19.3+1/19.05 |19.7+]19.3+]19.3 |18.75 |x8.3 |19.5 |10.4 
AOKO GT oie 50.0 ere $366,0 Eo [E828) |S 0) IES Flees S36. |Z. g-|TB 25) | eee 18.75 
AOSO. Silane sre 37254 EF lt8i6 rS.ssitosr lice nee 18.6 |19.7 |18.8 |19.4+]|18.8 
Plol) ac? Pee H434 A aa Neg aes ici) Cretan TO)» Ae le verte tk uae 18. 19.4+/18. 
WOES Obi seats $376 G |z9.2 |r9.15 |r9.3+]...... 18.6 |18.7 ce ree Wels ae a 
AOSO Cock wen 385 CN eae EO. 1 Sabu lec eae 18.75 |18.6 |19.0 |19.5+|19.1 
BUNT “Asc signa’ 388 G {19.3 |19.3 |19-7 |19.0 |18.7 |18.6 |xg.r |19.6+]19.3 
BOSG AT. nee ee H443,4 gel Partin 73 etsisiel Pores Ig.0 |18.7 |18.6 |19 19.5+|19.3 
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TABLE I—Continued 


Payee cher ialeers 18.85 | 19.4 19.0 16.1 
LORP AE | LOO: 0 pteivsrig cats, phate te io] vem erates 16.2 

apie Seyai| lesen aeetane BOGD. Vl sere sealers ed he eas 
tsa LOL Vilecisteen | Oe Tilton seine oko 
tanewnt 16.8 19.5 18.75 | 19.4 16.3 
ae rire chan acpie’sye's 19.5 Toae 19.6 16.2 
19.4 17.0. IQ.7 19.25 | 19.7 16.3 
19.5 16.8 19.8 19.3 10.7 16.3 
19.8 16.8 19.8 19.35 | 19.7+| 16.2 
19.8 16.8 19.6 19.6 19.9 16.2 
19.8+] 16.9 19.8 19.6 19.9 16.1 
19.8+| 17.0 19.7 19.7 19.8+| 16.0 
19.8+] 17.0 19.9 19.7 19.9 16.2 
19.8+)| 16.8 19.8+] 19.7 19.9 16.1 
19.8+] 16.7 19.7+] 19.7 19.8+| 16.2 
19.9 16.7 19.8 19.7 19.9 16.2 
ae oa e 16.9 19.9 £07 sash sl aOee 

19.6+]....... 19.15 | 19.8-+] 19.7+].....--- 
7 2% 19.8 16.6 19.2 19.9 19.2 16.0 
a | 8 19.2 16.7 19.35 | IQ. 19.2 16.1 
. ay 8 19.0 16.8 19.4 19.4 19.2 16.2 
f a 8 19.05 | 16.8 IQ.4 18.75°>| 10.3 16.1 
SAO eerie naw rire iis artnet IQ .3 19.7+| 19.8+] 19.2 TOF? Ucaeee vliemeaw sik ee 15.9 
ROA ON minis t-¥.5,c40 TOR Gan Me te eel eae Oe 19.4+| 19.2 16.8 19.5 19.1 19.5+] 16.0 
PGIBE WS waulacnete keine an kr a7 19.1 19.8+| 19.8+] 19.3 EO..0) lunca cal e es sae 16.1 
BOCT BT ocun bien x0 18.9 IOGT 19.8 19.8+] 19.7 16.7 19.4 Ig.I 19.7+| 16.1 
ROSA Sara eka eas T5605) || oea ans 19.7+| 19.8+] 10.7 16.8 I9Q.5 19.4 19.7+]| 16.1 
BOSS cOs cb wee tise tins Ig.15 | 19.7+] 19.8+] 19.9 16.7 19.6 10.35 | 10.7 16.2 
BORON G Boek tess. va:8 I9.3+] 19.0 19.8+] 19.8-+-].....-. 16.7 19.2 IQ.0 19.7+| 16.3 
BOG SEiccancnuss Ig.1 18.9 19.8+] 19.9 19.8 16.7 19.1 18.9 19.7 16.3 
MOGHRO Tee os vita Mewes | oxen ee 19.8 19.8 19.8 EGS Me eyece. ck |lawcte Fee ll aonee ak 16.2 
OSS Os tint coe asl Mom RY QUOn i eetk eer |lavisershte EONS pee ees 18.85 | 19.4 | 19.7+] 16.2 
AORG. Or roc asec ors 18.95 | 18.9 19.8 19.9 OO Oro? [ee vigee lime Sve elon Gee 16.2 
BONY sAveesee ween. 18.9 19.0 19.8 20.0 20.0 16.7 18.8 TOKO Nieaeare 16.2 
AOSOAN. et ccns wes 19.0 18.8 19.7 19.8 19.8+]| 16.7 18.9 19.7 19.7+] 16.2 
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Io 
TABLE I—Continued 
J.D.* Platet Qy. 
BOOS sa ee ent = 451 G 
AOSOUA Toa eee $304,5 F 
AOSO SA Toews 400,1 G 
BOG A wanlennet H457 G 
BGOGSS eit womens 464 F 
ATOOVAT: snw.crer3 H469,0 F 
ALGOCS sara cesses 471 F 
ALLA WAR ciersveictee S411 G 
HEROS + ochaw nen Hs10 P 
AT OBIS teniitatercts S417 P 
wn be by hey peta 424 F 
AEG Ona e chia. 433 F 
ALERT  Fomdivey Hs531 Pp 
ALOT Oa stn $434 12 
MIOT . 34 a ce owe 440 id 
AIG 0.5 504249 H571 F 3 j ; 
ABEL O's 4:0 eee $483 G a “ ‘ 
BSAG Rk, eee Hs80 de i eee TO.L [TOs TOO! wees oh. TO)-GNTS.d. | (FOuk olives 
ASSTO.s secs Dasr F TO.4 (SS 1TO.S NkOne feanes to.3 |r8.6. |t9.2  (r0.2 
HS80;6; ob owe 208 G “lr8.2 tore tok 2.5. esis 19.5 |18.7 |19.6+]18.9+ 
BSER RS cece $406 G Ix8.2  |r90-3 |t0.4-+|10.6° les... 19.7 |18.7 |19.5+/19.3+ 
AS7T Aa vise es H586 F 19.3+|190.3 |19.3 |19.6+]...... 19.3. |T8s0). (PO e7 ela 
4990 F deen os 508 r SOUSHITO.S. TOS anew al casas 19.4 “[¥Sio. (Poo. haw 
BASRI6 5 Me 607 Py Beare Silidesroe ceo eccrine ie taver elle atecarenes | etreale tore 18.9 |19.3+|18.8 
ree ey eee 609 Ve ee ene TS.9. ITOUS+-|TOs2 ean 18.6 |19.0 |19.8 |18.9 
615 Pee A antatats TS 6 a NOuAe laacaraat eceromtee| weaken £8.07 |LONSale eee 
S505 F TOG jiEOsS Ve eanwalus vues eke ee 16.0: {13.5 |TOW5 T8276: 
H617 Pa ecu eae mile oretee TO Ou (ote: 19.6 |28.5 |r0.7  |n8ho 
621 A eee Aer ered SO) cree et Pieemeaens WO:3+-(28.% |TO.S [oaeene 
$r6276 | eave cel idstar ama haswy bi Ul Bre arsal treet dl lun cert ci T8537] cseransrsvel fell gt sere 
H624 EB |rosk) |TS285 |t6.5) TO. eeeee £0.02) (X82 740 | 2Ousen| | eee 
626 Pp SOcm Ona. seacoast TBO 52\| vorterel| teenie reeset oll eee : 
627 | PN RAN el ee Saeed a Fearn eral Paty ERA (eet re 136) |2S2" nena 5 
SS45 P |ro.2+]19.3 |18.4 |r0.3+)|...... TG exe || TSeAue Ons || epee 
H629 Pp I9.2+/18.65 |18.6 [19.3 |...... 1O:.3 0) \|CSiares| scale ceva Wereaste 
$533 lis TR Ae WEG! lo tee ee so aa lee ata | hears £8.68: | caneeleccaes 
D304 P EUcDoe [RGus ee aaa ees 18:6 \|T8.O0 || vecacllonewes 
31 G87 50.4 tons |IXona =a ees T3736. 108.0 ltg.7) | cee 
H668 Es 10830. Ito.4 ) |1LOUS — 1070) eo ames TOn50 |LSicdn | LOMS enemies 
S530 F TOE ZS rascals waeeeeliscele save [lane i T8i.3°o Ns Se eats ley rere 
540 Pp 13.6 150).206" [ones EOS Weir 16:6 130,50 10-0. ‘leaeeee 
H675 Glos © |50).4e |ZOGOel]nO. 20min TO<6: £8055) |\ZOSs eres 
686 Hy ITS 25° TOs se LOn de [LO Sen lteter TO;0) (29; 607) [10 One enee 
690 Be |tS.0" |T0-AMTO.L) NFO. ee eee £360 \18.3 15976) |e 
703 By WSS) (io. 7s) (23-4 fOvO. ears 18.9 |18.9 |19.5+]...... 
S545 F x9.2 |18.45 |t0.5 |TO-5-+|...... 18.6 |18.r |ro.2 {18.6 
H708 BONES. 5 NEG.2 ESA TOs [ea 9.0 |T823 |TOvOun | aes 
$547 BO WES26 Ons. TSS 7h, LOS Dem laces Calero SAB lid oterarece | eee 
BBro4 EF. ito-3-itovs |ecuces EG one eens LOO) XSi. |e eee eee 
II7 F 19-4 ([TOc3-FITO.S+HIO.S lascesrtasene 1850) UITOeS en | seen 
166 F jr19.4+]19.4+]18.5 |18.9 |...... 13.9) (X82 |TOnO® eee 
180 ig 19.I+/19.1+]18.7 |19.1 |...... T8535" ||TS.0! Glace snl eee 
H715 G |to.4ae \t9:0.) [s8ia- Isoca lee IOiG. |10:0. |30.04-1e ee 
720 F I9.2+]19.05 |19.3+/19.4+].....-|.-.00: 19,0! (39.25 |p eee 
732 PS x92 116-6 PITS2O) acer lates oe eee T5805 NtO724 | Peaee 
780 E TOLS VES. BoP | ees eee ele,| eae e oe 18.7 |18.8 
785 F 19.3 |18.7 |19.6 |19.6+]...... 18.8 |18.8 
798 F TH. 10.5 |F6sO-FIG08 fe wea 19.4 |18.2 
812 F TS.6' ATOrs. 0.8) 1EG.8. less 19.2 |18.7 
815 AUN Basten nS) [eerste = TO 190.2  [baaceubveee en 19.0 
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TABLE I—Continued 
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TABLE I—Continued 


Jabs Platet Qy || 2 3 4 5§ 6 4 8 9 
RES. Ave neat H824 F TO77) AES.0) 1EOs0s FEO5S es eres T5260 48.2" tore ieee 
BELG As, oo eae 828 F £E8 WES.8) GAGs IeoA Heoee« TOT) L608) |EO deel reels 
on DAY Wet en Seneca H832 ik TOs TFOLG: MESH Mee ee oh ne 13:0 FINESSE EG OR ol ieariae 
RAR Dw ae S577 F [18.3 |r9o.st}19o.4+}1o.5+]...... raswasn fussexey Weaeiaty lla” 
GEAY Occ cweas H848 ie £356" Vesna TG cde Nek ikos dN ecacente 19.0 |18. EOE Wawa 
BLA HOn emiacnel te H855 F S20. [IO 6-128." [TO 28p ale wre: TO,29 18824 Mood. | nace 


are often below the limits of the plates, and generally below the 
limits of accuracy. For this reason statistical discussions must be 
confined largely to the magnitudes at maxima. 

Magnitudes for the variables in Regions 1, 2, and 3 are listed in 
Table I, and for those in Region 4, in Table II. Values for different 
plates exposed during a single night are generally combined, as they 
seldom differ by more than the errors of observation. 


THE GREAT SPIRAL IN ANDROMEDA ine 
TABLE I—Continued 
TS. 10§ II 12 13 I4 Is 16 17 18 19 
SUG Ars raalc.c soured aanas 19.6 19.3+| 19.7 19.8 Be Wis ait cia ian 16.0 
EMO Ap ena teieade rel oceieonete. a 19.6 19.4+| 19.5+] 19.8 fhe JOCe Saeat (ES PR ARR I9.4+| 16.0 
BE SAG Aico athate eee el ares aa ols EOS Wei, « 19.4 19.6 iy fece Ba ay tree [een I9.4+]| 16.0 
De es Ae tatargte artis aia tit gS ble stave yaa acres terme Maisie Sores Lala Maeerece yo Pe aE | Peepers) Nest gaming ty | Sree eas 16.0 
PUA SS pe oerraaer cists | eines! ois, 4:| fester oilers ase. TOL 7 Nuvo. ph Tae | eRe Oe Arey erie ae 16.0 
BTA cOsteis sts cvswwla «vailemicoatscers 19.6 19.1 TOES Nl tear. © EF LOM | Peronen.c] ee 19.7 16.0 


* Add 2,410,000 to the first seven dates and 2,420,000 to the remainder. 


+ Letters preceding the plate numbers refer to the following observers: R=Ritchey, P =Pease, Sh= 
Shapley, D=Duncan, Hg =Hoge, S and H=Hubble, A and B =Humason, Sr=Seares, SS =Schilt, BB= 


Brown. 


t Nights on which more than one plate were obtained. 
| A plus sign following magnitude indicates that the variable was invisible, but certainly fainter than 


the tabulated value. 


§ See Table Ia for additional observations. 


TABLE Ia 


ADDITIONAL OBSERVATIONS, VARIABLES IN M 31, CENTRAL 


REGION; VARIABLES NOS. 5 AND 10 


JED: Plate Qy. 5 Io 
Bea atecatorc cet H432 Ie PEROR IG. eteecnl ls ae otpees 
rh aS ets $379 G 18.65 ee 
Say cere aeoeayee 408 in 18.9 19.24 
Wercare Osos 416 iP I9.1-+ 18.85 
Aen e tsyeret 494 F I90.2-- 19.2+ 
Baia Stoo D276 E 18.65 10.24 
PS. con mo 287 E 18.5 19.2 
She Se B23 F Mifaaavaee | LOcda 
OSCR OS S541 EF 19.0 18.9 
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TABLE II 


VARIABLES IN M 31, REGION 4 


i Ly Platet Qy. 21|| 22 23 24 25 26 27 28 
LORD PANE eer H424 F 19.9 20.1 19.5 19.4 LORY 19.05 | 19.0 I9.1 
AGA Aas eee 432 P 19.2 I9.5+| 19.6 19.6 19.8+]| 19.7 19.4 19.3 
4080045 se cae8s S379 G 19.0 19.3 18:7 19.8 19.8 19.1 19.3 19.25 
HOSS RA sees H438 F 19.2 18.95 | 19.0 19.8 20.0 19.1 18.7 19.2 
WOOL cate ia'e cas 454 E 19.9 10.7 19.8 19.2 19.2 19.2 19.0 19.4 
4090. 461 P 19.1 19.5 18.7 19.7 19.8 19.6 19.5 19.2 
4108. 468 r Ig.1 19.5 18.8 19.7 18.95 | 19.45 | 18.8 19.2 
4113. $408 Pe TO.35) here owe TOc2s)|\-na oe | eee LO a Ml eto 19.3 
ALES Sieve 475 F 19.8 19.4 19.4 19.9 19.9 19.5 19.4 19.4 
4117. 407 F 19.8 TOK | Lees 19.8+] 10.7 19.45 | 19.5 19.3 
4147. 504 P LOLS) | LOND  WeTOng. | TOn7 141 DONS Ss tO 7-1 eLOnSammee ons 
AIST hades 55 512 F 19.9 19.5 10:7 19.9 19.7+| 19.8 19.5 18.8 
4168. S416 NS [Sees PeCRadiones| ine ton eel Ireohacerayl acme he wnsn wel [onecon uch ie sic acu: 
ALL eQicewere rel, LASLO G 20.0 10.7 19.6 20.0 19.7 10,.6 19.5 19.3 
ATOO. Bs ome aoe 525 F 19.35 | 18.9 18.8 19.7 19.4 19.9 18.9 18.7 
AIOE SS ax ceee es $430 BD |e tce cera wore an Iipratew oils: cevogcey [looruntenacare [oe tnuguntern Ieaee nee ial eteamners 
ASA Overs «||| AAT S F 19.8 19.1 18.8 19.8 19.6 19.0 19.5 19.15 
ASS2 Ora se awke $404 Be Shae owe leper 19.2 19.7+]| 1I0.5 Tova 18.7 19.1 
4349. Hs8r G 19.3 | 19-7 | 19-8 | 19.25 | 19.9 | 19.35 | 18.95 | 19.2 
ASES). 0; aati tel aa Sy re TOG | ae Se 18.8 19.55 | 19.8-+]| 19.6 18.9 IQ.2 
ASST E cesmwcncl xaos G 20.1 19.0 19.1 19.8 19.05 | 19.6 190.4 19.3 
RATT Bo aodea os 587 E 20.1 19.1 19.4 20.0+| 19.7 19.4 19.2 19.3 
AGE CS idee a alate 599 Be ese lleis bees 8'[ Sore uia.e] ei meal emotes LO A=tr} LOG | aneteens 
BISA axeaine se D276 E 19.3 19.8 19.6 Ig.2 Tony 20.0 19.5 19.35 
BAST Abe. neice 287 E 19.5 19.8 19.6 TO.55 | 20.2 19.9 19.4 18.8 
ASS Ar sewnwencll LOCOS G 19.6 19.7 19.45 | 10.5 19.4 19.5 10.4 190.3 
MARA SAS ds ee oot 610 F 19.6 Gipsy 19.5 20.0 I9.5 19.9 19.5 18.5 
HAGA SS a. avn cas 616 F 19.9 18.9 19.1 19.9 19.9+| 19.8 18.8 18.5 
STA ha ce sa 625 F 19.7 19.7 19.4 19.55 | 20.0 20.0 18.7 19.35 
ATOO Ore cd es cine 669 F 19.0 9.15: ||) IO. 19.8 IQ.7 19.8 18.75 | 18.2 
4731.5....----.| D323 me 19-7 |) X07 9) 30 «7 teh LOO) || LOLS! XO. San Ons mone 
APSO UG aca. ie S541 F 19.8 19.6+| 18.9 10.5 t9.7 19.0 19.15 | 18.25 
Pie oe, eee H676 G 19.3 19.0 19.2 19.7 19.8 190.7 TO.15. | 73.5 
APTOS kn cicssas 691 F 19.8 19.6 19.6 19.8 19.2 19.5 19.5 18.8 
MATTE se lsecevess 607 F 19.9 19.7 19.6 19.45 | 19.4 19.6 19.5 18.9 
yo. Orne 707 Pi vaya Betdfinw tec corete lnrietercennnl[tucae sh Meme la pecetetane TO.ch alcsienles 19.1 
BBO Minn saloons 709 G 19.6 19.4 19.55 | 19.8 19.8 19.8 19.5 19.2 
BOT Bie wa Xs 714 F 19.8 19.3 19.6 19.8+] 20.0 19.9 9.15 | 19.2 
POE a Be oe $556 yO eaten a leas cry ead treaernan 9| (raters ser ill deen tenn BIO |recceeaallne ear 
BOREO8 is. tee ss H781 VB ihc csceateics |Leve “asctenes | av a, csaltell Cte setts ea eset el Oe cane ec ee eee 
BONS S00. cate wars 794 Pel seca rare eretateee 19.5 19.4 19.2 L910" lees 19.3 
SOGS VOT. viceco.s a 799 G 20.0 19.3 19.5 19.9 19.7 19.6 19.4 18.6 
BONE G8. c5 cine 810 G 19.8 19.4 19.6 20.0 19.2 19.8 19.5 18.7 
BOOS 5S. wach 813 P 19.3 19.4 19.5+| 19.6+]....... 19.45 | 190.4 18.9 
SOOT Ooi vocivtaue 816 F 190.7 19.6 18.7 19.55 | 19.5 19.9 19.5 18.8 
ET Corte cyiste Gar 825 F 20.0 19.3 19.5 20.0 19.5 19.6 19.4 18.4 
SELIG 2a cae 829 E 19.75 | 19.4 19.6 20.0 19.7 19.8 19.4 18.5 
ro) ie . eee H833 F 19.7 19.7 19.6 19.4 19.4 20.0 19.2 19.2 
RTA Rc Ra pe cee $578 | ae FSB, Aer eee p(s ell WE pees betcha (trier aes 19.0 18.9 
StA7 each cs oe H843 F 20.0 18.8 19.1 19.7 19.6 19.8 19.1 18.9 
See Le eae 850 Ro Werte 18.8 SOG2- leh ebaea betes deo wean hace 18.9 
BEA ST ae Abe. 851 F 20.0 Ig.05 | 19.3 19.8 19.15 | 19.8 19.3 19.1 
RESO VEE. cas cet 858 F 19.8 20:15 | 20-45. 1 160 16.3 20.0 19.4 19.2 
SO eae 809 P ZO Wie dans 18.7 TOES] nae a 19.2 18.8 19.4 
3) Coens eee 920 G 19.9 19.6 19.45 | 19.9 20.1 19.4 19.4 19.2 
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TABLE II 
VARIABLES IN M 31, REGION 4 
J.D: 29 30 31 32 33 34 35 36 37 38 
/1oe 6 ey. Se ELS 19.7 19.9+]| 19.2 19.4+| 18.7 18.8 19.6 19.6 19.9 19.6 
BORA CA rate inate ts Ig.2 19.5 19.2 19.6 18.9 19.8+| 19.6 19.3 19.35 | 19.5 
AEN Arsiaitte wis we oni 19.8 18.9 190.5 19.5 18.95 | 19.8+] 19.6 Ig. 19.65 | 19.8 
ACSAEBSs oocclneri's 19.6+| 18.8 10.7 19.4 19.1 19.6+] 19.4+] 19.3 19.8+] 19.9 
BORG Oss vais ayter ie 5 I9.9+| 19.8 19.8 I9Q.5 19.0 19.9 19.6 19.7 20.0 19.7 
pe to 19.6+] 19.4+] 19.9 18.7 18.9 19.5+| 19.6 19.1 19.8 19.7+ 
RO cB Sees cla «+ I9.7+| 19.4 20.0 190.5 03.75 1 £0.55 10.547] TOcx 19.5 19.8 
7.1, by ee eS PPE 19.5 19.05 | 19.4+] 19.3 I9g.t 19.6+| 19.0 19.4 TOO idee en 
ALES Rere aaisrelae o's 19.5 19.2 20.0 18.7 19.3 19.6 19.3 19.5 19.9 19.6 
WO 0 I9.6+]| 19.6+] 19.8+] I9.0 TGQ FAL ile ears | heck 19.6 19.8+| 19.8+ 
BEAV ASS Neaies eas © 19.6+]| 18.75 | 19.4 19.2 18.9 19.6+| 18.9 19.2 ct ey. [Page ee 
ATID ge WA: che Poe erect 19.5 19.3 19.8 19.4 I9g.t 19.6+]| 19.4 19.6 19.9 19.9 
erent. ces E of cin ek x ESS sees 19.0 I9.0 TOA COs | Weel. coee oe oe 
PAM G eatery ate cae 19.4 19.3 19.65 | 19.1 19.2 19.5 19.5 19.6 19.8 20.0+ 
ATO 3) ws staneacerohites I9g.8+]| 19.4 19.8+]| 19.4 19.0 19.7 19.5+| I9.1 19.9 19.9 
LOA Medes tee treed eee screrscd ewer = 2 I eotbiess Me ce here 
Ig.t EG:-0° fee. 19.6 19.4 19.9 
19.2 18.7 19.0 19.0 19.6 19.7+ 
18.95 | 19.8 19.6+] 19.5 19.8 IQ. 
E8275 | 29.3 | 20-4-4-] 50-7 |) TO-S4-] FOn7-- 
18.9 18.9 18.95 | 19.6 19.9 19.3 
19.1 19.9 19.2 19.2 19.9 19.3 
TOCB Me carats] Seer ale | eee S-al ite eval Aad eels 
; 19.4 19.6 19.6 19.6 19.8 19.9 
Re} 19.0 18.7 19.7 19.7 19.4 19.4 
7.10 to} 1 Baar eae 19.3 18.9 19.8 190.5 19.2 19.8+] 19.6 19.6 19.8 19.8 
PEA Artemis 8) ctitesaxers 19.9+] 19.8 19.9 19.4 19.0 19.8 19.4 19.2 19.4 20.1 
ARBAB ici cris siesta: s IQ.2 I9Q.2 rO).5 18.9 Ig.I 19.8 19.2 19.7 19.9 19.9+ 
7 EVN oY ee ee nee 19.9 19.4 19.9 19.4 19.3 19.4 19.6 19.6 19.35 | 19.8 
AVOOsO. cisein xa53:0 I9.9+| 10.9 20.0 19.4 18.6 18.9 19.15 | 19.6 19.55 | 19.8 
TEEN TODS aoe ROR I9.9+| 19.1 20.0 Ig.I 18.9 19.9 19.5 19.6 19.7 19.5 
ARGO LR EAGT: k aoe 19.6+] 19.2 19.3 19.4 19.3 19.6+] 19.6 IQ.4 19.9 19.8 
ATOR Sic xin» os wre 20.0+| 19.9+] 19.3 | 19-5 | 19-3 | 19-9 | 19.2 | 19.6 | 19.55 | 19.35 
BRIO (S Lowe cian s7,s 20.0+]| 18.8 20.0 19.6 19.1 19.8 19.6 19.5 19.7 19.8 
MS tag's ky Wie 19.8+] 19.0 19.9 19.5 19.0 19.55 | 19.6 19.0 19.7 19.6 
ay AS Me Te oe eeeCe alll nea teres n.d 19.15 | 19.5+] 19.4 TORRE Viiasoaslaeses rcs 19.0 19.3 19.5 
Aes ‘ 9 8° | 20% | T0.8° | Igl4-|-20.-7 +] 10.5 || 20.0 
9 e) 19.3 X02 19.5 19.6 19.4 19.8 
Teel acer hs (PR SN CORY SOE PORK ANA Feat 8 
Mae bse toe atets,| okpusta Sta rtf coker eel loiets wa asel ters yaietaiete 
re) 19.3 19.05 | 19.4 19.65 | 19.9 19.7 
me) 19.2 19.05 | 19.6 19.65 | 19.6 19.4 
4 19.3 TAS ee Seo 19.6+| 19.7 19.8 
2s 18.95 | 19.7 19.6 19.6 19.9 I9.9+ 
8 : 19.4 19.7 19.5 19.5 20.0 19.6 
9 : 19.4 19.8 19.6 19.6 20.0 19.4 
6 : 18.6 19.8 19.6 19.8 19.9 19.7 
BESS SF icc eienes 19.5 TOG b) ex wat aliewe cers TOS Wlescwuen 18.9 19.5 70.0. cesar 
4 ; A 19.7 19.3 19.1 19.4 19.3 
TRA RA (nto ese i Wee eet Ws ecw A bana 
19.8 19.4 19.4 19.6 19.75 
EQrS) ||) L025. | 10-55 12927 | |.2059 
Re et Ce Re Z0.54-] IOs4. | Picker 
19.8 19.6 19.5 19.8 IQ. 
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TABLE Il—Continued 


De Platet Qy. 39 40 4 428 43 44 45 46 
ec EF eee een H424 F 19.7 19.0 19.6 19.0 19.8 19.2 19.6 190.7 
qo esi eesuret ote iss Ve 19.8+] 19.0 19.3 18.5 TO..% 1g.1 20.0 19.6 
MOROVA NAGS sais S370 G 19.9+] I9.1 19.6 18.4 19.8+] 18.7 Tony 10.7 
BOOOSS > ues H438 b OM acitons 18.9 19.6 18.2 190.7 19.1 19.3 19.8 
AG Sb a0 xmamare aa 454 E EO. 3) o(LOLO, WI LO Zea L720) LOT aeeOL ge nl eLO. soul eLOed 
OO SSS vc cc ale wie 461 Pe Osta 18.8+] 19.6+] 17.9 19.7 19.2 19.7+] 19.4 
ae Rate 468 F 19.1 18.6 19.4 18.4 19.7+] 19.1 19.9 19.8 
ALIS casey aponies S408 Mecsas chcaes| iatapentceste LO fA TSA. Mwy 19.0 19.7 19.6 
AST e Re geet H478 F 190.7 19.0 10.7 18.5 19.8+] 19.2 19.9 19.4 
ALOT eS untae stele tele 407 1 19.5+] 19.0 | 19.5+] 18.4 | 19.7 | 19.2 | 19.7+] 10.5 
BAT cA ae 504 P 19.s+| 18.0 19.4 I9.0 19.6 18.7 10.7 19.7 
ATS TAs ais wierteieta 512 F 19.8 19.15 | 18.9 Ig.I 19.7 18.7 19.7 19.7 
ALGS LB ocd ex $416 PSs en ew acs Seles TOQiO> || sie eave llsrcteeuars il eee eeienonotens 
BTVT See cones Hs516 G 19.8 18.4 19.6 19.0 19.9 18.7 19.9 190.7 
BTBO TA oy ota: 525 F IQ.2 18.75 | 19.0 19.0 I9.7+]| 19.0 19.9 19.2 
TGGySctcveseee $4390 PS Sl achweneladcaceiaen eta LOT ol |'Stepacewaree | nvesiavea subut s eee teeta settee 
7a Sea Hs73 F 19.6 19.1 19.6 18.8 19.5 18.7 19.7 19.45 
ASAD Ovi a cia ays S404 F 19.2 19.1 19.5 TPG Vawgeows 18.7 19.9+] 19.35 
AGAG-Oterore..0| MS OE G 19.45 | 18.9 190.7 19.0 19.4 18.7 20.0 IQ .4 
BAGO ewes « Geese Pe oma ares 18.8+] 18.9 19.0 19.3 18.8 19.9 19.7 
MONT CE ae aies Hs83 G 19.9 19.2 18.95 | 18.9 19.3 18.8 10.7 19.6 
PV ee eo oe 587 E 19.7 18.7 19.2 18.9 19.35 | 18.8 19.95 | 19.6 
ME FOR oak ite: 509 PO leeseine 28.751) 28.7 EEO Nscavecstiee Ve beacon llguetes eee lceeeeeemeae 
Pe ie cae eae D276 E 20.1 18.9 19.1 18.9 19.4 18.8 19.8 19.6 
Pic tay GP 1 eis bd 287 E 20.0 19.2 19.4 18.85 | 19.4 18.9 20.0 19.3 
AIO As wie yc wo H605 G 20.0 18.4 18.8 18.3 19.5 13.7 19.8 19.8 
RATA A po coas ook 610 F 20.0 18.8 19.4 17.9 19.45 | 18.8 20.0 19.3 
VET) et eee pee 616 F 19.3 18.75 | 10.7 18.1 19.6 18.7 19.8 10.7. 
HAGE A 5S Oaecnrcats 625 F 19.45 | 19.1 tO. 19.0 9.7 18.8 19.9 19.5 
AIG Wes cees ues 669 F 19.5 18.6 19.2 19.1 10.3 19.3 20.0 19.3 
BFST Sorc cedenl Dew F 19.15 | 19.2 19.7 19.0 19.1 19.4 19.5 19.8 
B7SGs Sav canwccs S541 F 19.8 18.5 19.0 19.2 19.2 19.3 19.8+]| 10.5 
AIGS EE eciewec H676 G 19.9 19.05 | 18.05 |, 13.3 18.9 19.3 20.0 19.2 
BU7O«S eect co: 691 F 19.8+]| 18.8 ToL6: PIS.2 I9.t Ig.I 19.45 | 19.7 
APTI oS Veaetsesis 607 F 20.0 18.5 19.6 18.0 18.9 19.1 19.6 19.6 
AUR Stcenetes 707 1 SN I ray 18.3 19.6 TSO yeoreane LOX) Ul\s cere lesen 
WO TA iene eon 709 G 19.5 19.2 19.7 18.3 19.0 19.1 19.9 19.25 
BOOT GS intstecane 714 F 19.7 18.4 19.6 19.0 19.7 Ig.2 20.0 ne} 
AGAGs to ceces ees $556 BSS lavevacslemcatoal wee ae TB 20) re ce all chs oars ee ee et 
BOGS O04. .c0cacs H781 WE bh creealaeanenbeecats EQOr || arwarasave al | o's cocosvtesa'| a cuales eereereeee 
BORSA GObesuraca a 794 A Ta We serra TSUGie law eetes TO«D. || ig crasers| Gareuveters [moet eee 
BOOS OE a ciac.s si. 799 G 19.6 Ig.I 19.6 19.2 19.75 | 10.25 | 10.7 19.6 
OS ORE Fes ara tarn 810 G 19.0 19.1 19.5 19.2 19.75 | 19.2 19.3 19.8 
BOBS: Ss), vias 813 lof EO oH) E9575. | 675-1 OTe) |. cee clean 19.9 19.5 
BOOK Osis acahaesa 816 F 19.35 | 19.1 19.3 18.8 19.5 19.3 19.5 19.8 
SEPE G erect es 825 F 19.4 18.7 19.7 18.2 19.4 19.2 19.7 190.7 
BEG. AGL wx pees 829 E 19.5 LS.75 | 50 25: 18.2 Lous 19.1 IQ.2 19.9 
REA4 LAG Sb aes H833 F 19.8 19.2 19.15 | 17.8 I9.25 | 19.2 20.0 19.35 
ret ae $578 t gad Pre tan 18.6 18.8 17 19.2 102: \eoeee wanes 
re) ay See ae H843 F 19.8+| 18.7 19.0 18.1 19.0 19.2 I9.9 19.55 
STAGAQiccs aeuls 850 Pl vexn crest 18.8 I9.I TB sl ecereretenc|| Reuss elicvatonl (saemaneteince | esereremencs 
REA eS Te oe ce 851 F 19.9 18.8 19.25 | 18.2 18.9 19.1 19.9 19.25 
BTROCR Tes coe) 858 F 19.9 18.85 | 19.4 18.25 | 18.9 Ig.1 20.0 19.25 
Le ee ae 899 Pe atenmsters 19.1 19.5 18.8 19.5 19.2 19.5+] 19.2 
BAe vencarsis ee 920 G 19.7 18.4 18.8 18.0 19.8 19.4 19.9 19.5 


* Add 2,420,000. 
T D plates were obtained by Duncan; S and H plates, by Hubble. 
t Two or more plates in one night. 


_ || The plus sign following a magnitude indicates that the variable was invisible, but certainly 
fainter than the tabulated magnitude. ‘ 


§ Additional observation of Variable No. 42, Ho16, J.D. 5291.3, 17-9. 


114 


THE GREAT SPIRAL IN ANDROMEDA 17 


Cepheids.—Data for the normal light-curves of the forty variables 
recognized as Cepheids are given in Table III. Magnitudes at min- 
ima and ranges are included, but in most cases they are very uncer- 


TABLE III 


CEPHEIDS IN M 31 


- PHOTOGRAPHIC MAGNITUDES : Position t 
ERIOD EPOCH 
Var. No. ey Saal) CeOe ee y.D* 
Max Min Range Med. x y 
Srna 31.390 1.407 18.2 19.4 1.2 18.8 3823.0 | +13.7 8.1 
Bs ae: 20.090 .303 18.6 (19.6)t (1.0) (19.1) 4029.5 | — 1.6 | —13.9 
Bette aaais 27.00 431 18.4 19.7 £3 IQ .05 4771.0 | + 8.0 | — 4.3 
BETES 219 20.60 314 19.0 (19.8) (0.8) (19.4) 3005-5 | — 1.4 5.0 
1 ee 48.36 684 18.5 (19.7) (1.2) (19.1) 3990.0 | +21.6 | —10.6 
(0; aes 22.23 -347 18.6 19.7 ae 19.15 3788.0 | —10.7 | — 9.7 
(hae rea 45.05 -654 18.1 Ig.I I.0 18.6 2583.0 | —16.9 | — 3.2 
SUE A eae AR 17.764 240 19.0 (19.8) (0.8) (19.4) 3992.5 | — 4.2 | + 2.0 
Oise vers 32.56 513 18.2 19.4 r.2 18.8 4108.0 | —23.1 | + 1.4 
Oni arc 22.823 358 18.8 (19.6) (0.8) (19.2) 4029.0 | +24.2 | —15.3 
Midis sc anext 22.225 347 18.9 (20.0) (Tex) (19.45) | 3004.5 | —18.3 | — 3.2 
a To 21.7206 337 19.05 (19.95) (0.9) (19.5) 3822.0 | —16.7 | — 6.8 
MidVerw srers.e-s 17.632 246 18.9 (20.0) (x ab) (19.45) | 4026.0] — 9.8] — 7.3 
DOS evi 41.157 614 18.8 19.8 I.0 19.3 4o1r.o | +11.9 | —10.5 
i a ae 18.773 274 18.75 19.9 E-15 19.3 3990.0 | +14.3 | — 8.0 
tt Gea 18.538 268 19.1 (19.9) (0.8) (19.5) 4025.0 | +11.5 | — 7.3 
BIS. 26 wieiere 17.15 234 19.0 20.0 .O 19.5 4055.0 | +51.0 | — 0.9 
BBs eiimreats 17.60 246 18.95 (19.85) (0.9) (19.4) 4181.0 46.7 | + 0.5 
BBtG ween. 17.54 244 18.7 19.7 I.0 19.2 4319.0 54-5 | — 4.1 
GAL spsvases'o 17.61 246 19.25 (20.0) (0.75) | (19.6) 4349.0 49-7 | — 3-2 
11.82 073 19.1 19.9 0.8 19.5 4511.0 49.2 3.6 
26.18 418 19.0 19.9 °.9 19.45 4319.0 46.6 3.6 
24.07 381 18.75 19.45 0.7 Ig. 4324.0 49-4 5.8 
26.78 428 18.25 19.35 1.1 18.8 4147.0 51.7 6.9 
19.524 290 19.1 (20.0) (0.9) (19.55) | 4444.0 49.4 6.7 
RO cas 18.28 262 18.75 19.85 ee a 19.3 4383.0 44.5 4.9 
Recreate 22.73 -357 TORK 20.0 °.9 19.55 4340.0 48.0 2.1 
OBC Sistas. 25.32 403 18.7 19.6 0.9 IQg.15 4318.0 61.9 6.0 
Lica en ae 18.82 1275 18.7 19.3 0.6 19.0 4031.0 54.0 1.9 
RAS anise 32.25 .508 18.8 19.9 ey 19.35 4708.0 42.0 9-4 
Bites 17-49 243 18.95 (19 .6) (0.65) | (19.3) | 4356.0 34.3 4.2 
BOviractarste 17.90 253 19.05 (19.75) (0.7) (19.4) | 4325.0 53-0 8.4 
2 ERC 13.328 125 19.3 (19.9) 0.6) (19.6) 4319-5 52.6 2.6 
Rack next 10.128 005 19.3 (20.0) (0.7) (19.65) | 4357.0 51.2 6% 
SOena= tne 23.92 379 19.1 (20.1) (1.0) (19.6) | 4730.0 46.5 7-4 
a ares 33-455 524 18.4 19.2 0.8 18.8 4373.0 48.0 3.5 
AS kala 25.458 1.406 18.8 19.7 °.9 19.25 4379.0 56.7 ees 
DEE Serre te ate 175. 2.243 17.9 19.2 123 18.55 4425.0 58.1 Ie) 
OY Ak nese I2.90 bed a 19.3 (20.0) (0.7) (19.65) | 4084.0 51.9 8.0 
BOGeced ct I2.03 1.112 IQ.2 (19.8) (0.6) (19.6) 4321.5 | +52.4 —1I.4 
WCRI 6 SON eae. ain 1.350 Pie yl eatecies Gin ete ate ie care Loc. am eras Pa pra wek ered et aete ee 
Mean, 
omit- 
ting 
BM ADI. <a'ele was 1.327 BRIN orc wee sral Sars. cethateraleiseine alae oye oa eice [elie mance e oo meee 


* Add 2,420,000 to tabular values. 


+ Positions are referred to the nucleus, X along the major axis, + to the south preceding; Y along the 
minor axis, + to the north preceding. 


t Magnitudes in parentheses are uncertain. ~ 
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tain and are bracketed in order to indicate this fact. Positions are 
given to the nearest o/1 with respect to a system of co-ordinates 
determined by the major and minor axes of the nebula, and the stars 
themselves are marked on the various plates used as illustrations. 
The same system is used for the novae and will be described more 
fully in connection with the distribution of those objects. For the 
present it is sufficient to mention that Cepheids are rare in the un- 


° 15 30 45 9 10 20 


° 10 20 30 O° 5 10 


Fic. 1.—Light-curves of four Cepheids in M 31; ordinates, photographic magni- 
tudes; abscissae, days. 


resolved nuclear region and that position in the nebula appears to 
have no effect on the period-luminosity relation. 

The periods of the Cepheids range from forty-eight to ten days, 
and the magnitudes at maxima, from 18.1 to 19.3, with the exception 
of No. 42, which varies from 17.9 to 19.2 in a period of one hundred 
and seventy-five days. The Cepheid characteristics are obvious in 
the normal curves illustrated in Figure 1, and the forms of the curves 
tend to harmonize with Hertzsprung’s relation between shape and 
period.? 

The numbers of Cepheids increase steadily as the periods shorten, 

* Bulletin of the Astronomical Institute of the Netherlands, 3, 115 (No. 96), 1926. 
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with a limit at about seventeen days. This appears to represent the 
general limit of the data, and the five variables with shorter periods 
may be regarded as chance catches. Other very faint variables have 
been found, but the very exacting conditions required for determin- 
ing periods have not as yet been realized. There are indications, 
however, that the periods of some at least are less than ten days. 


2.0 


LOG P 


17.0 PG.MAG. AT MAX. 18.0 19.0 20.0 


Fic. 2.—Period-luminosity relation among Cepheids in M 31. Photographic magni- 
tude at maximum plotted against logarithm of period expressed in days. Cepheids in 
Region 4 are designated by circles in order to emphasize the absence of any selective 
effect due to position in the nebula. 


In Figure 2, the logarithms of the periods have been plotted 
against magnitudes at maxima. The variables in Region 4 have been 
distinguished by circles in order to emphasize the absence of any 
effect that can be attributed to location in the nebula. The relatively 
larger number of very faint variables in the outer region is probably 
due to the longer exposures used in studying that field. 

The period-luminosity relation is clearly shown, although the 
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range is limited and the data for the fainter magnitudes are incom- 
plete. The slope is approximately that of the curve published by 
Shapley for Cepheids in the Small Magellanic Cloud." The residuals, 
which average about 0.2 mag., are slightly smaller than those found 
by Shapley, but the difference can be attributed largely to the in- 
completeness of the data for the fainter variables. Number 42, the 
outstanding exception, deviates from the curve by 0.75 mag., but 
the next largest residual, that for No. 16, is less than 0.5 mag. 

The distance of M 31 has been derived by comparing Figure 2 
with corresponding diagrams for Cepheids in M 33 and in the Small 
Magellanic Cloud. The latter diagrams, drawn on transparent paper, 
were superposed on Figure 2 and shifted along the axis of magnitudes 
until the best fit was obtained. Some personal judgment was in- 
volved in allowing for the effects of selection in favor of brighter 
stars among the shorter periods, but the limits of the probable errors 
are small. 

In the case of the two spirals, where the scales of magnitudes are 
strictly comparable, since they are based largely upon the same Se- 
lected Areas, the shift in m, the apparent magnitude, was deter- 
mined as o.1 mag., in the sense that the stars in M 31 are the fainter. 
A shift of o.1 mag. in either direction from this adopted value appre- 
ciably unbalanced the fit, hence the probable error of the determina- 
tion was estimated to be of the order of 0.05 mag. 

M 33 had already been compared with the Small Magellanic 
Cloud in order to determine the relative distance, hence the compari- 
son of M 31 with the cloud was largely a check on the previous com- 
parison. The result for the new comparison, Am=4.7-0.1, agrees, 
within the probable errors, with the value for M 33 when corrected 
for the difference between the two spirals. 

The data for the two spirals are so nearly comparable—thirty- 
five Cepheids being known in M 33 and forty in M 31—that they 
may be combined into a single diagram for a final comparison with 
the diagram for the Small Magellanic Cloud. The result is shown in 
Figure 3. The magnitudes for the Cepheids in M 33 have been in- 
creased by 0.1 mag. in order to reduce them to the distance of M 31. 
These seventy-five variables form a period-luminosity diagram of 

t Harvard Circular, No. 280, 1925. 
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considerable weight, in which the internal relations are reasonably 
consistent. 

To obtain the best fit, the superposed diagram for the Small Cloud 
was shifted 4.65 mag., with an estimated probable error of 0.1 mag. 
The magnitudes at maximum of the Cepheids in the Small Cloud, in- 
creased by 4.65 mag., are included in Figure 3 in order to show the 
appearance of the diagram for what was judged to be the best agree- 
ment. For the sake of completeness, nine Cepheids in N.G.C. 6822 
have also been included, their magnitudes increased by 0.55 mag. 
Figure 3, therefore, includes all extra-galactic Cepheids for which 
data have been published. 

No corrections to the distances of N.G.C. 6822 and M 33 as previ- 
ously determined are indicated. The distance of M 31 is about 0.1 
mag., or 5 per cent, greater than that of M 33, and 8.5 times the 
distance of the Small Magellanic Cloud. Using Shapley’s value for 
the cloud (m—M =17.55), we find for M 31 

m—M= 22.2 
T =0"00000363 
Distance = 275,000 parsecs 
= 900,000 light-years 


* The periods of the Cepheids in N.G.C. 6822, as published in Mt. Wilson Contr., 
No. 304; Astrophysical Journal, 62, 409, 1925, were derived from rather limited material. 
Additional data collected in the last two years have led to some revision. The revised 
periods, which are believed to be reliable, are as follows: 


No. 7 65.05 days No. 4 17.36 days 
v4 Glepatfo) 9 16.84 
ie choles ly 5 13.864 
3) 20ee4 3) 1225 
6 20,00 


The possibility of periods close to an even day or submultiple thereof has definitely 
been eliminated in the case of variables Nos. 2, 4, 5, and 6 by series of morning and 
evening plates on successive nights. Numbers 10 and 12 appear bright and faint in al- 
ternate seasons and probably have periods of the order of six hundred days. Their color- 
indices are estimated as moderately large, but the stars are not red. No revisions have 
been found necessary for Nos. 8 and 11, but the data in these cases are very uncertain. 
Two new variables have been found, both of which appear to be irregular. One of these 
stars is very red. 

Continued observation of M 33 has led to the discovery of two additional novae, 
making four in all, and of two new variables, but to no revision in the periods of the 
Cepheids. Dr. W. Baade, of the Hamburg Observatory, has communicated by letter 
his discovery of an additional variable in the extreme northern region of M 33. This 
star appears near the edge of several of the Mount Wilson plates, where the variation, 
although small, is quite definite. It is one of the brightest variables in the region, being 
surpassed only by Nos. 1 and 2. 3 
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The accuracy of the relative distances is very satisfactory. In 
the case of the two spirals, the probable error is of the order of 2.5 
per cent; for the spirals and the Cloud, it is of the order of 5 per cent. 
The accuracy of the distances in parsecs or light-years, however, de- 
pends largely upon the accuracy of the zero point of the period- 
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Fic. 3.—Period-luminosity relation among the extra-galactic Cepheids. The crosses 
refer to 106 Cepheids observed by Shapley in the Small Magellanic Cloud; the black 
discs, to 40 Cepheids in M 31; the open circles, to 35 in M 33; the triangles, to 9 in 
N.G.C. 6822. The apparent magnitudes at maxima have been reduced to the distance 
of M 31 by adding 4.65 to those in the Small Magellanic Cloud, 0.1 to those in M 33, 
and 0.55 to those in N.G.C. 6822. The absolute photographic magnitudes at the top of 
the diagram are based upon Shapley’s zero point (m—M=17.55 for the Small Magel- 
lanic Cloud). 


luminosity curve. Accumulating evidence indicates that Shapley’s 
value is certainly of the right general order of magnitude, but there 
still remains the possibility of a considerable correction when more 
data on galactic Cepheids become available. 

Variables other than Cepheids.—Of the ten variables other than 
recognized Cepheids, four are probably Cepheids for which the 
data are insufficient to establish the characteristics, while six are 
irregular or have long periods. To the first class belong the follow- 
ing stars: 


120 


THE GREAT SPIRAL IN ANDROMEDA 23 


Variable No. Max. Min. x Vg 
ON iss creer 19.7 20.3 Eo =3-0 
Asa ae eer 19.6 20.3 48.8 4.0 
AO gion, Same 19.6 2008 49.7 4.4 
BOM er 19.2 (19.5) +50.0 —6.2 


Number 50 is involved in a group or cluster, and is especially difficult 
to observe. These stars can be followed, in general, only on plates 
exposed under exceptionally good conditions. Short periods, how- 
ever, may be inferred from the short duration of maxima. In the 
case of No. 47, two maxima have been observed with an interval of 
five days. 

The irregular or long-period variables are Nos. 11, 15, 19, 20, 43, 
and 44. 


1918 1919 1920 1921 1922 1923 1924 1925 1926 1927 


Fic. 4.—Light-curve of variable No. 19 


Number 11 (X = —7'5; Y = —8'3) has varied from 18.6 to about 
19.6. The brightest maximum occurred in the autumn of 1917, and 
seven years later it again rose above 19.0. 

Number 15 (X = —16!1; Y = —10'4), the second brightest vari- 
able in the nebula, rose gradually from 17.5 in 1909 to 16.8 in 1924. 
In 1926 it faded to 17.3, but rose again to 17.0 in 1927, and in 1928, 
to about 16.7. The absolute magnitude at maximum, calculated with 
the distance indicated by the Cepheids, is about —5.5. The color- 
index appears to be less than 0.2 mag. 

Number 19 (X =—2!3; Y=—g/8) is the brightest of all the 
variables that have been observed. Its color-index is uncertainly 
estimated as of the same order as that of No. 15—less than 0.2 mag. 
The variation is from about 15.3 to 16.3, and there are some indica- 
tions of a period of the order of five years. The light-curve, however, 
which is shown in Figure 4, does not repeat itself very faithfully, and 
further observations will be required to settle the question. If the 
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star actually belongs to the nebula, the absolute magnitude varies 
from —6.9 to —5.9. Numbers 15 and 19 show some analogies with 
variables Nos. 1 and 2 in M 33. Number 19 was found independently 
by W. J. Luyten on plates made with the 24-inch Bruce camera.” 

Number 20 (X = +4/6;Y =+11/5) wasrecorded on several plates 
from 1909 to 1910 as about 18.6. By 1915, however, it had risen to 
about 18.0, where it has remained up to the present. For this reason 
the individual observations are not listed in Table I. The star may 
be similar to those listed as novae Nos. 36 and 39, which appeared 
suddenly but have remained constant since their appearance. It may 
be significant that these are among the faintest novae that have been 
observed. 

Numbers 43 (X=+51/3; Y=—4!8) and 44 (X=+43'5; Y= 
— 8/1) arein Region 4 and hence have been observed only since 1924. 
The former appears to be red, while the latter has a color-index con- 
siderably less than the color-indices of the Cepheids. Number 43 
averaged about 19.8 in 1924-1925 and about 19.4 In 1925-1926. 
From 19.2 in August, 1926, it rose to 18.9 in September, only to fade 
again until by January, 1927, it was 19.6. In July it was still faint, 
about 19.7, but rose rapidly to 18.9 in October. By January, 1928, 
however, it had faded to 19.5, and by August had reached 19.8. 

Number 44 has varied from 18.7 to about 19.4. It was active 
during the first season, 1924-1925, rising, fading, and rising again to 
the maximum observed luminosity. During 1925-1926 it averaged 
about 18.8, and since then, about 19.2. 

The significant feature of these stars appears to be their restricted 
ranges in luminosities. They are giant stars and might well be classed 
as “‘super-giants.’’ One, No. 43, is clearly red, but three at least appear 
to be early-type stars. The red star may be analogous to Betelgeuse, 
but stars similar to the other three variables are not known in our 
own system. It is not improbable, however, that the variables found 
in M 81 and N.G.C. 2403, and some at least of those in M ror, are 
similar to the bright irregular variables in M 31 and 33, and may 
eventually be used as rough criteria of distances. 


* Harvard College Observatory Bulletin, No. 851, 1927, in which Luyten announces 
another variable, about 13.5 at maximum, on the extreme edge of M 31, north following 
the nucleus. Color and type of variation are uncertain, but in view of the relative 
luminosity, further data will be required to determine a connection with the spiral. 
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NOVAE 


S Andromedae, the first nova found in the spiral, was discovered 
visually in August, 1885. It was announced by Hartwig, although, as 
subsequently disclosed, it had been seen previously by several other 
observers. The position of this nova, about 16”’ preceding and 4” 
south of the nucleus, is unique. No other has been found within 1/5 
of the nucleus, although it should be remembered that only excep- 
tionally bright novae could be detected on the dense background of 
unresolved nebulosity in this region. The photometric measures of 
the first nova are rather discordant, but a general review of the pub- 
lished results indicates that the visual magnitude at maximum was 
about 8.0. This places it at once in that mysterious class of excep- 
tional novae which attain luminosities that are respectable fractions 
of the total luminosities of the systems in which they appear. 

Photographic observations of novae in M 31 began in 1917. 
Ritchey had found a nova in N.G.C. 6946 and, following up the 
suggestion, examined all the negatives of spirals in his collection. In- 
dications of changes, novae or variables, were reported in M 81, 
M ror, and N.G.C. 2403, but no further investigations were made of 
these objects.t In M 31, however, two novae were found on the first 
plates of the nebula obtained with the 60-inch reflector in the autumn 
of 1909, and sufficient data were available to establish the character 

t Publications of the Astronomical Society of the Pacific, 29, 210, 1917. Ritchey’s 
remarks refer to the following objects: (a) The star in M 81 is 4/5 from the nucleus ina 
direction S 27° W. On two plates taken in February, 1910, it was about 19.0; on three 
plates in March, 1916, and March and December, 1917, it was about 18.6; in April, 
1921, and from 1924 to 1927 it was normal again at 19.0. Six additional variables have 
since been found, and all appear to be analogous to the brighter irregular variables in 
M 3t. (b) The object in N.G.C. 2403 appears to be a defect. Under a microscope the 
edges are sharper and the color more brownish than the ordinary star-images. Five 
variables are now known in this nebula, but the nature of the variations is uncertain. 
(c) In M ror, two stars were marked. One, 2/85 due south of the nucleus, was about 
18.8 in March, 1910, and about 19.5 in May, 1915. Ona few subsequent long exposures 
it appears about the latter luminosity. The other star, 4/13 from the nucleus in the 
direction S 4° E, was about 19.2 in 1910 and 19.6 in 1915. From 1922 onward it has re- 
mained constant at about 18.5. Eight other variables have since been found. 

The ror1o plate of M rox shows a star of 16.8 mag., some 12/3 from the nucleus in 
the direction W 35° N, which does not appear on any of the later plates. It was not 
mentioned by Ritchey, although the image shares the distortion, due to coma, of the 


other images and there seems to be no reason for doubting that it represents an actual 
star. It might well be an unusually bright nova. 
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of the variation. Other plates of the spiral were immediately ob- 
tained, and these led to the discovery of six additional novae during 
the season 1917-1918, by Ritchey, Shapley, and Duncan. During 
the next five years the spiral was photographed more or less sporad- 
ically, and thirteen novae were discovered by Sanford, Humason, 
Duncan, Shapley, and Miss Ritchie. 

In the autumn of 1923 the writer began to photograph the nebula 
more systematically in order to accumulate data for the statistical 
study of novae. Since that time sixty-three additional novae have 
been found, and the material is now sufficient for a preliminary 
general discussion.’ The nova of 1885 is clearly an exceptional case, 
and the eighty-five photographic novae must be considered as nor- 
mal. 

Although more than three hundred plates are now available, the 
material is not strictly homogeneous with respect either to effective 
exposure or to spacing in time. The 60- and roo-inch reflectors have 
been used indiscriminately under all conditions of seeing and with 
exposures ranging from twenty minutes to upward of two ‘hours. 
The limiting magnitudes on the various plates are usually 19.0 or 
fainter, although occasionally they may be brighter than this by 0.5 
mag. or more. A hundred plates, however, show stars fainter than 
20.0. The observing seasons ran from June to February. The exposures 
were all made during the dark of the moon. From first quarter to 
third quarter both reflectors are always used in the Cassegrain form 
with the spectrographs attached, and hence are not available for 
direct photography. As a result, at least half of each lunation was 
unobserved, and generally the remaining half was not fully covered. 
For the years before 1923, the gaps are considerably greater. Follow- 
ing Ritchey’s excellent series in the autumn of 1909, only four plates 
were exposed during an interval of eight years. 

In general, the plates were centered on the nucleus and, as re- 
gards limiting magnitudes, the distortion of the images in the outer 
regions is roughly balanced by the background of unresolved nebu- 
losity near the nucleus. Since the plane of the spiral is but little in- 


* The four novae, Nos. 87-90, discovered by Duncan in August, 1928, are not in- 
cluded in the present discussion. The announcement is in Publications of the Astro- 
nomical Society of the Pacific, 40, 347, 1928. 
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clined to the line of sight, a strip nearly 30’ wide, extending entirely 
across the nebula at right angles to the major axis, has been ob- 
served in a fairly homogeneous manner. In addition, Region 4, with 
its center some 48’ south preceding the nucleus along the major axis, 
has been under observation since 1924; Regions 2 and 3 were well 
observed during the season 1924-1925; about thirty plates were cen- 
tered on other regions or covered large areas with long exposures. 
These furnish information concerning the outer regions of the spiral 
supplementary to that contained in the main series centered on the 
nucleus. 

Following the procedure established in 1917, the novae have been 
numbered serially according to the date of discovery. Number 1 is 
therefore the great nova of 1885, S Andromedae; Nos. 2-22, in- 
clusive, are the photographic novae found at Mount Wilson from 
1917 to 1922; Nos. 23 and upward are the novae found by the writer 
from 1923 to 1927. Data on Nos. 2-21 have been published from 
time to time in Publications of the Astronomical Society of the Pacific.t 
The magnitudes were generally estimated by comparison with a se- 
quence of stars measured by Shapley with the 60-inch telescope. 
These measures have not been published, but are on file at Mount 
Wilson. 

New measures by the writer with the 1oo-inch are in fair agree- 
ment down to about 17.0, but beyond this point they diverge some- 
what, probably because of the greater efficiency of the larger tele- 
scope in registering star-images free from the nebulous background. 
For the sake of homogeneity, the plates of the older novae have been 
re-examined and the magnitudes have been re-estimated by com- 
parison with the new sequence. These data, together with those for 
the more recent novae, are given in fullin Table IV. The date of the 
plate immediately preceding that on which a nova first appeared 
and the date of the plate next following that on which it was last 


1 The references are as follows: 


Novae. 2, 3-3. <4. 29, 210, IQI7 Novae 1s a 31, 109, I9IQ 
Bete sails 29, 208s LOL7 TAse DS aed Oasyees 31, 280, IQIQ 
ae Geeyase 205 25 7,e00L7 iy (Rees 32, 63, 1920 
Onis o cere ee 30, 162, 1918 TO MLO sS2 One en ar 33, 506, 1921 
On ade ss 30, 255, 1918 20 aa ene 34, 222, 1922 
ROSE T hecato sates 30, 341, 1918 ~ 
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TABLE IV 


MacGnituDEs oF Novae IN M 31 


1900 J.D. Plate Qy. aft 3 38 
8562.5* R17 G 18.3+] 18.2+ 
8562.7 18 F 17.6 r%.5 18.7 
8563.45 19 G 16.9 17.7 18.7 
8563.65 20 G 17.4 sy ey 18.7 
8565.45 26 E 16.7 I7.4 18.9 
8566.65 27 F 16.8 To 18.8 
8501.45 34 E 17.4 17.6 18.8 
8503 -35 39 G E705 Velyay | ted 
8618 .3 47 PB P70 [ET ne Oeact 
8618.5 48 12 18.0 17.6 18.3+ 
1917-18 J.D: Plate Qy. 4 5 6 7 8 9 85 
1462 .65t P300 G 18.6+ 
1483 .45 Shgoor ny fae 
1489.5 R146 G 17.7 18.5+ 
1515.5 Sh4oor VP | 18.2+) 17.3 
1518.5 R147 F 18.6 174 18.3+ 
1547.5 I5r G 18.5+| 18.2 TOSS lehn sep var tease ren eer 19.0+ 
1575.4 154 Nias ate foe er we ie oy AP own [rererer eee (cra sol hcrorentn 17.4 
1576.4 156 Gea balan aes 17.6 TSO | vsiacrmnel etnias 29.64 
1609 .3 161 ara ee Ee Bia eer) 2 18.5+/ 18.5+] 19.0+ 
I61I.3 $h4333 VE Pin ieeererae nem aciye 17.6+]| 17.1 17.6+) 17.6+ 
1634.3 Rr62 Eo saceaanicnacuesd 18.5+| 18.5+] 17.5 7.5 
1635.3 163 | QE cert eyeatn en Metta (ree Omnia] ier. tio 17.4 EPs 
1918-19 J.D Plate Qy. 10 Ir 12 13 
1836.6 $h4663 Pp 18.0+] 18.0+ 
1874.4 Sato F 1 ay py! 17.6 
1875.36 Sar2 F 17.5 17.6 
1875.38 13 F 17.5 Ty .7 
1900.4 17 G 17.8 18.8+ 
1900.4 18 F TFS wile races 18.5+| 18.5+ 
Bere Wee tens ek 3 21 FP ES OA oa os 17.0 I7.2 
1963.24 22 es ilar rartie||ipeatnvatehers Dig 17.2 
1964.3 23 | 5g) renee mere bY fFLo) ny fete 
1993 .25 27 Gb eve eal niece Tes 18.5 
1993 -3 28 aka | eae aera | |e is 17.5 *| 18.5 
go Plate Qy. 14 15 16 L7 86 
2138.7 S$a36 fT bc T7-9. 
2139.7 37 ogee aor eee: 17.8 
2140.6 38 Gee tans 17.9 
2140.7 30 F 18.8+]| 18.0 
2161.6 Sh4078 F 16.1 17.4 
2163.6 5025 F 16.1 17.5 
2168 .6 D24 19 16.2 17.4 
2169.6 27 G 16.3 17.6 17.8+ 
2105.5 30 Ly paves etaeyeatey I) Agha’ 
2100.5 Sa4r Gry slice ere 18.2 17 21 
2200.5 42 Gio saan 18.0 17% 
2203.5 46 PP dileeee 3 18.0 17.2 
2223.5 Shsos54 1 pa Ae 17.9 EGA mall (sore nee 16.7 
2248.4 Sa49 1a eens 18.0 17.8+| 18.5+ 
2262.4 Shsros ME ec teAle oa tecvaleeieee 15.8 
2263.4 5107 Godse sera TSG Woeue ke 16.6 
2203.4 Saso Eau scee oer. Ae bere 18.5+ 
2314.3 Shs160 Ce cee 18.2 
EB. Plate Qy. 18 19 20 80 81 
2528.6 Sh5479 BP guliveceee tone eo ole cain 17.8+ 
2545.6 5489 Loa Bnet (bases none 18.0 
2547 .63 D42 Bu hoe le ee ceneeeens | ae 17.9 
2548 .56 44 | isp Peering” (nea t-py sal Peay ert 18.0 
2580.5 62 i RI Pacis etter rs oie 5 ae E75 
2581.6 65 BS Dame e See icke sea [eae P75 
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TABLE IV—Continued 


1920-21 JD Plate Qy. 18 19 20 80 8r 
Sept. 16,17.| 2585.0 71 G 8 
UT aa |) 250563 72 iy 8 
Oct. to....| 2608.5 76 F ane 
DE ss7 4] 52000 <0 80 iE 2 | 
TAs 2612.3 S68 F ¥ 
Nov. 12.. 2641.6 75 F s 
Tae, 2642.5 wy G a T9.0+ 
Dec. t0.. 2669.3 D106 F 6 16.7 
10.. 2669.35 107 F 6 16.7 
i 2071.3 112 P 2+] 17.1 
E20 2671 .33 113 iy ER ern ite 8 a ak A ee | ope ryi2 
Ts. 2676.4 B2 i See | ese Oe ond A ge ee oe a ee 18.0 
Vanna 2694.3 D118 Ge eee eEoeae METBOE IES Ata 19.0+ 
eS 2695.3 122 F 
8....| 2608.4 132 F 
Feb. 6....] 2727.3 136 P 
1921 JD: Plate Qy. 
July 3 2874.6 Bs P| see 18.0+]| 18.0 
Aug. I 2903.4 D200 a eens 17.6 18.0 
I 29003 .45 201 ieee e 17.6 18.0 
Oct. 4 2067.5 A6 in 19.0 18.5 
Dec. 5 3029.4 Io F 18.6 18.5+] 18.3+ 
1922-23 TDs Plate Qy. 26 21 22 84 82 
May 29....| 3204.6 B4o iP 18.6 18.0 
June 23....| 3229.6 A22 i Sr Been 17.5 
BB wen S23450 S150 ls arenes: 0 fet ee I9.0+ 
July -20....| 3256.6 A29 ie 18.6 TSS lince ame 17.5 
2205 0s) S25e7 Bsr Pile Cowon ote Dake anal werte I7.S 
Perle Se5On0 56 arte] ane einer sie tesk-aleee 17.6 
She 3200.7 $156 PN Senetes 198.6 Os 2s [soem o> 17:6 
25....| 3202.6 163 F TE OW IRS ston hewn 17.6 
Cy Bae 3263 .6 D220 td rea Pere (Mees een 17.6 
28.. 3264.65 222 P FOcOM Or ascclinnaaee 17.6 
Aug. 20.. 3287.6 Bs8& tN hy eee scl] Mee SRN IRIE oie ica 17.7. 
a2... 3289.6 62 1 Al gok ERROR ect PPL ee get Pheer en 17.8 
28. , 3205.6 | S171 F ES Nee las evens 18.0 
Sept. 19. . 3317.7 172 F EOC Sere cael cakes I9.0+ 
24....| 3322.6 B67 Ries ligt ticks loa oa se srstos tic cccdee 18.5+ 
Oct. 16.. 3344.4 70 GANS een ce sd et te Plea taken lee son 17.9 
22.. 3350-3 Ag2 1 atl Reg Rc 2H Wt ra el | ec ery ety (eae 18.4 
anaetse. 3433 -3 Broo tT Boner (oor ceiee 28.07 i nave. ows 18.5+ 
Feb. 15.. 3466.3 A47 P EONS Winters 16.9 
1923-24 J.D. Plate Qy. 23 24 25 27 28 29 30 
July 16.. 3617.8 $254 F 18.0o+ 
MGs OF... 3639.8 267 F 17.0 
Ov, 3641.5 278 P 17.1 18.0+] 18.3+ 
WOSh: Caos 3607 .55 H331 We 17.5+| 17.2 L7.3 
Shee 3698 .55 335 G Rtg wl) veered || ee eord 
Oe 3699.4 $282 VIP Reena. i he} 17.4 
Bus 3701 .35 Br42 See ec 17.4 £723 
Ova 3702.5 Aor Aro (lavas, ote 17.2 17.3 
Nov. 13.. 3737-55 H3390 eter ie 18.5 18.4 18.5+| 19.0+) 19.0+ 
Dec. rx... 3705.45 348 Ge EN ees 18.5+] 19.0 17.2 16.2 D705 
Thich 3768.4 351 P : “5 
30. 3784.3 Br58 P 2 
Jans ae 6700-35 H353 B 0 
Bian 3790.4 "S285 G 2 
Oic 3791 .4 202 G g 
Qa Ss 1O4-3 H354 P 
BEve 3816.3 A6o P 
Feb. 2.. 3818.3 S301 F 
St. 3819.3 310 F 
His 3820.3 320 F 
Be <|| GO2023 H355 G 
6s 3822.3 257, F 
: 3823.3 303 F 
27...-| 3843.3 A73 iy 
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TABLE IV—Continued 


1924-25 J.D Plate Qy 32 33 34 351 | 37 40 41 42 
July 2....| 3069.55 H375 P |17.4 
2....| 3969.65 370 F |r7.2 
4....-| 3971.6 $32 P {16.4 
23...-| 3900.5 336 1 yeas 
BAe ara’ 300L-0 338 G {18.0 
26....| 3903 .6 339 G [18.0 
27....| 3904.6 344 G_ |r18.0 
28....| 3905-5 348 Ge E75 
29...-| 3006.55 H384 G@ 157-6 
30....| 3907.6 390 Go n7.7 
BE.-a2 || 3008.6 305 G {18.0 
Aug: (sn) 30990 S351 G {18.0 
2.2 | AOOO.S H307 F {18.0 
Biwed | AOL yO 308 bg 18.3 
4....| 4002.6 404 E {18.0 
Bi+s« 40035 405 E (18.2 
ey ye leey ay ts 414 EB. |r8s2) [8.8]... 0. 18.5+ 
25....| 4023.4 Br82 F Re TE omnes ry .6 
26....| 4024.65 D241 F ESidle | EV enone 16.8 
27....| 4025.63 246 G {1r8.8+]r7.3 |18.8+]16.9 
28....| 4026.5 $356 G “Alan oeeiene 16.9 
29....| 4027.65 360 F rt (18.5-+/17.1 
30....| 4028.5 H418 G 2 |f7.0 |27.0 
3. .-%| 4020145 $361 F eee Whence [buy pah 
Sept. 1....] 4030.45 362 F Pau LOne aitz © 
Ayo) 403825 Hy2r G 4 |26.8° |27.0 
2... | 4082-5 426 G A ee | dee eb 
Anne) 4055.5 430 G 4 |16.4 |1I7.0 
20....| 4049.4 $360 F a5) Lycee 
21 ives] 4050.5 374 r oF \Wf7.3 307-7 jx8.6-- 
25....| 4054.5 434 Ly TOMNETKS) L76S) 126.6 
20...| 4058:.5 $376 |e ae erate ae, ens 197.5 (7.8 
27.461 4056.5 385 Ge eecares E.G NFO ier 16.6 
28....] 4057.5 388 ar eee, 18.0 |17.8 |18.0 |17.2 |19.5+ 
30....] 4050.4 H444 Gay tee 18.0 |18.0 |18.2 {17.5 |19.0 
Oct. 26....| 4085.35 451 CR Serra 18.5+/18.6 |18.5 |...... 19.0 
27....| 4086.4 304 Be eee ec Sees ESS! tier ee » 18.5 |r8.7 
30....| 4089.4 401 Ceo aie cere || pene aes 18.6+]18.7+ ]18.6 |18.5 
ST a hel 4000.4 H457 COPY Ped Borsa biter na] noo a0 18.6 
Nov. 2....] 4092.3 404 ) Sey eS ccna el exer ed on eee iol itor: eo -|t8.5 
18....] 4108.4 469 Ne arreseed vearsetcd Wee acne bl eno recur nen Gm 18.1 
XG. 0014200 v4: 471 a Pea eam y oie ie 18.6 
22.2.0] 4112.4 $406 tah Bical Pere tentl ey a al Ocenia lore ios 18.0 
945% 2) ALTA 411 G 18.8+ 18.8 |17.5 
Dec. 28....| 4148.35 H507 3 43 Ads Drees Ase |eevanios eee Rea 
BOnns 3! ALSO.35 510| P |——|———......]———...... 18.4 |18.5+)18. 
Jan. 17....| 4168.35 S417 1 ae cea nap Bed bea TSiegatel one oko T3.0 D760 gs 
IO..«.| 4170.3 H514 F T5.27126.68 | owen TS ese o.2) |t7.4. |n607 
26....| 4277.35 $424 F SGU NET HOo Vow de cs oy ey he eer ae TS53° C7 s (yew 
27...) 417843 433 Ge itz (neuro, 075 Saleen 18.4 |17.8 |x17.2 
SOL sas ALOE. SS Hs531 PO NEA NESL On | eee TSO. lnnsaer 18.2 |18.0 |r7.4 
Feb. 15....] 4197-3 $434 P 18.2 WS Selec. es PSO avant 18.2 |18.2+]18.2+ 
1925 J.D Plate Qy. 47 48 49 5° 5I 52 53 54 
June 17....] 4319.6 Hs571 F 17.7. |17.0 |19.0+/19.0+]19.0+]...... 18.6 
19....| 4327.6 $483 (Ce Gin byte | lobrria al bor oped nanecdl icsrecn 
July 16....] 4348.55 H576 Pp 18.5+/18.2+1/17.3 |17.6 |18.2 |...... 18.4 
C72. || 4340.5 580 1 an aa Geen oe eee bee, beeen ear aa 18.4 
LQ. 200 ASST 0 D251 F ¥O.0 120.0-F19712. [18.0 [18.0 [lesen 
24....| 4356.6 268 G 19.2 lig-05-127°68 197.6 VITSia. bree oe 18.8 
26....| 4358.5 $496 G Tltgro-F le, ween 18.0 |18.0 |18.7+]18.6+ 
Aug. 14....] 4377-45 H586 Bess ae a T9206 1X0.0° ics; 17.3 |18.6 
16....] 4370.7 598 r £8 Doliew ani 19.2 |I9OsO+]<cr00. 17.r |18.6 |18.8+ 
Sept. 11....] 4405.7 604 VES 182 aes LOO cde csieel sewetne SiO Ne panier ky AE 
I2....| 4406.6 607 VP ONES 6. tices TOS AH ll ismpreis emcee 13.5) |S .5 |\eSies 
TQe'. +1 4453.6 S499 De Rees bia Sear Peete neil lor cue 18.5 |18.5 |15.7 
20....| 4414.7 H609 F EOQOs Mn eaoere TOse: Sb ayes ese 18.5 |18.8 |r5.7 
Octa Tors. o 44as03 615 Dae Rates bent roel Wenner Pedr ewer beee iy 18.8+|18.8 |18.8+ 
£97. c65) 4485045 S5cs5 F ito .0-F la cere.e EO: Oth erares fate [loco ocala eodcare eed eee teens 19.0 
_ 20...) 4444.35 H6i7 LSP ever | ac cteee Vl Inge eecael ee eat Poe Foe 19.0 |18.2 |19.0+ 
Nov. 10....] 4465.35 ene A OCA Ceri) Scion Wek ici eho nce e 18.2 
20.3.5) 44753 BE he IE Miatecdce eval arate tacaca| fia a tattetahai| a onayeeaesi fia hareween | orca 18.2 
Dec. 8....] 4493.35 H624 GNSS So ct cccernce ree e rel] rete ere icici | ee ae 18.8 
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TABLE IV—Continued 
1925-26 Usb) Plate Qy. 55 56 57 58 59 60 61 
Jane ry .....| 4370.6 Hs571 F 
TO... 4321.6 $483 G |19.0+ 
July 16....] 4348.55 H576 ose fees 
I7..--| 4340-5 580 Le bes 
TO. 4351.6 Dost F 17.6 
24.. 4356.6 268 G {18.0 
20.. 4358-5 $496 G {18.1 
Aug. 14.. 4377-45 H586 F {18.8 
r6:. 4379-7 508 Pp 18.8 |19.0+]...... I9.0+ 
Sept. 11. 4405.7 604 VP MES Satrlivceerlioneces 18.5 
I2. 4406 .6 607 Bb lee ese tO es eee 18.5 
TOs. 4413 .6 S409 at Se eo. 17.8 
20. A4I4.7 H609 ieee, | 5 ears 17.7 (|18.5+|18.4 
Och Eo-% 4433-3 615 1 (ae 18.8 |17.4 |18.6 
tere 4441.45 S505 LOPS era eA 19.0 |17.8 |18.6 |19.0+ 
20. 4444.35 H617 | eens 1Q.O+]17.7 |I7-5 
Nov. to. 4465 .35 620 Pe restates \iteestate 18.5 |18.5 |16.5 |18.8+ 
20. 4475-3 621 Pi Tb scsuse Meywcnretee 18.5+|18.6 |17.5 |16.6 
at as 4476.5 Se6276 yD tistixeates | hore odie] cies bee eters T7655 [hows 
Deer Siz 4403 .35 H624 Fr atten (eens Al IP hh 18.6 |18.3 |r7.8 |18.6+ 
Io. 4405 .35 626 { Sea Eeerarael Meany Savory neers, ao 18.4 
Wane, (6s 4522.3 627 1 faa Ot LR ete We reagan IM rr 18 .8+]18.8+1/16.8 
tA 4530.3 SS 45 1 Ft ere el Pe aa beec cieey Femara nl Meena booms 17.3 
TS. 4531.3 H629 1a lee rea [eeeeeoeues learcotear ers Leeaeeortrd Rector tal beens 17.5 
Feb. 16.. 4563 .3 634 5 ER || a eee (in | [epee Oy tee Nn Denese eta oe 18.0+ 
1920-27 JD Plate Qy. 62 63 64 65 66 67 68 60 
June 4....| 4671.65 $533 P ix7.7 
I3....| 4680.6 D304 Ae Tae Ary ilies teil saay wilt wena ses te meres 18.3+ 
E4..%) 468F .6 300 VE IS9.4 1180-158 O-f iiss os foe se 18.0+ 
July 3....| 4700.6 315 G 8 3 +S .2 
EBiteine| AZOO 55 H668 F 2 4 To) 2 
PN ao BAW TAS) $539 G 4 4 re) 13 
Aug. TL....3| 4730.5 5s4o |, F re} 7 re) 3 
Septy 3... 4762.4 H675 E 8 ‘ 35, 
Bate 4764.35 686 E 8 4 
Tis 4770.4 690 E 8 4 
Tar 4772.4 703 E me) 2 |I9.2+ 
OCES Ans. || 4703-3 S545 G Petey, 
PE 4800 .3 H708 E .& jtS.0 
Te. 4801 .3 $547 F 4 |18.r |19.0+ 
Nov. 2.. 4822.5 BBro4 G i [CBR ie 
3. wa] 4823.5 II7 G ch (TS.6" 127.4 
Dec, ir: 4851.5 150 P 2 (08.5 (13.2 
yar Xn 4882.3 166 F .3 |19.0+]|18.6 
Phe 4883 .3 180 F Heir laeew ie 18.7 
6....] 4887.3 197 1g Ea 
Bi. 4908 .35 H715 G of eran ster’ I9.0 
Feb. 6.. 4918 .35 720 F cristal Reta ore 19.3 
2a 4037 -3 730 Pp 25 |[pnceae 19.2+ 
26.. 4938.3 732 P “i 
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TABLE IV—Continued 


1927 J.D. Plate Qy. 73 74 75 76 17 78 79 
May 23.. 5024.65 H770 P 17.4 |17.6+ 
June 3.. 5035.6 780 F 17.6 |18.0 

Plan 5036.6 785 G |17.7 |t7.7 |r8.5+ 

20.. 5052.6 7890 P {17.7 (17.8 |18.0+ 
aly) ei... 5063.6 708 G {18.0 {17.8 {18.4 

QI.. 5083.5 812 F {18.8 {18.4 |18.2 

20.. 5001 .5 815 Ee 18.2+]18.5+|18.0 |18.0+ 
Aug. 22.. 5115.45 824 G |18.6+]...... 18.5 17.1 

re ae 5116.45 828 Gee pleas | Seceriae 18.3 |L7E2 

ct 5124.4 832 pal ecercrenitinererrare 18.3 |17.5 |19.0+]19.0+ 
Sept. 11.. 5145.35 S577 Bea lis tates cates 18.8 |18.0 |17.7 |18.2 

23.. 5147.6 H848 Bia eee wales meres 19.0 |18.5 |r7.8 |x18.2 

es 5149.6 855 L Se eet er 19.0 |18.5 {17.8 {18.3 
Oct. 22.. 5176.35 Ssor 1 Remar ban ooc 18,8+]18.5+]19.0 |19.0+ 
Nov: I.. 5186.3 He66:4) © Be Ase soa li cceterall aeateteccvelliteranstane 13S) eli eseceee 18.5+ 

23.. 5208.5 $603 Gd iil erepate tractors = ravetehe nee llosatere 19.0+]...... 16.7 

26 5211.3 H867 Gow | eerste ah oe abate arenes lectaetiaves ie tr oeons | Dokeeare 16.8 

28 .| 5213.45 885 1 Re Peers ed Pate ie MeN creed [ow nee ce Meshes cp I ee cn 16.6 
Dec. 19 5234-4 888 Bl caccnece:a ll Mdacorcce lees te oeeal percents leecetna Pomerat Tee 


* Add 2,410,000. 

t Add 2,420,000. 

t A plus sign following the magnitude indicates limiting magnitudes of plates on which the novae did 
not appear. Novae are tabulated according to observing seasons, but numbered serially according to dates 
of discovery. High serial numbers in the earlier seasons represent novae found on re-examining the older 
plates. 

§ Number 26 appeared in October, 1921, and by December had risen to 18.6. During the season 1922— 
1923 it remained about constant at 18.6, and from July, 1923, to December, 1925, at about 18.0. In Janu- 
ary, 1925, it began to fade, but declined so slowly that it did not reach rg.5 until January, 1927. In 1928 it 
did not appear even on the best plates. 

{Numbers 36, 39, and 46 are not listed. Number 36 first appeared in August, 1917, after an unobserved 
interval of two years, and has since remained constant at about 18.2. Number 39 first appeared in February, 
1924, and is still visible, varying in an apparently irregular manner between 19.0 and 19.5. Number 46 
appeared in Region 4, about 42’ from the nucleus, on the first plate of the season 1926-1927. The data are 
as follows: 


J.D. 2,424,709 .6 18.7 
2,424,731 .5 18.8 
2,424,730-5 19.2 
2,424,762.5 19.4 
2,424,800.4 19%7-- 


On three plates between the last two dates, with limiting magnitudes about 19.4, the nova was invisible. 


seen are included in the table. Magnitudes of stars in the immediate 
region of the nucleus fainter than about 18.0 are uncertain because 
of the nebulous background, but outside that region they should be 
fairly reliable down to about 19.0. 


The significant data are collected in Table V. These include the 
observed duration of a nova; the unobserved intervals immediately 
preceding and following the observations; the magnitudes at the first 
observation, at maximum, and at the last observation; the intervals 
between the first observation and maximum, and between maximum 
and the next following observation; the number of observations; 
the approximate co-ordinates measured from the nucleus along the 
major axis (plus to the south preceding) and the minor axis (plus to 
the north preceding); and, finally, the latter co-ordinates multiplied 
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TABLE V—Continued 


INTERVAL 
DuRATION* MAGNITUDE red PosirIon t 
TIONS NG. 
Nova $$ |] | Og 5, 
: Max. 
First | Last | Max. | Max. |] rst— ee 

Prec. | Obs. | Fol. Ops. | Obs. | Obs. | Cal. | Max. [ary stad S92 
ee tod 67d TOd| FFs |/-TO,0.) Lee || LO 2 26 8 I+ 3.15/— 0.9 |— 3.6 
is Jase os % 174 ESO TSO! | kode | pierce 126 ax }|3m |— 2.8 |+ 0.2 |+ 0.8 
‘Sal siies 26 36 2) £759) | LO.0 |] TS.3 91 25. 0.8 7 6 |—18.6 |+ 1.65/+ 6.6 
Be rer cle 27 31 26 | 17.3 | 28:8 | 17.3.} 16.4 ° I 7 i+ 5.2 |— 0.65|/— 2.6 
RO eho 7 28 31 27284) WO.O | BZ. |} 6.4 I 19 4 |— 1.1 |+14.5 |+58.0 
aon 19 32 LOW L72A) | ILS. SET eae|) LOng ° EY || ZU ae ey ise teiye ar ike 
(eee 26 88 THiS TSG 27S Wares 39 21 9|/— 1.6 |— 1.8 |— 7.2 
Gases 24 30 29 136.8 | 28.4 } 26.5 | 25.7 ° Io 5 |+r1r.4 |— 1.6 |— 6.4 
BOns es Io 18 29 | 16.6 | 17.8 | 16.5 | 16.1 I 17 3 |—-24.3 |— 7.5 |—30.0 
1 Re 29 9 32 | 16.8 | 17.5 | 16.8 | 15.8 ° 8 3 (+ 1.9 |— 0.3 |— 1.2 
62 40 28 | 17.7 | 18.4 | 17.4 | 16.7 9 I 6 |+17.5 |+ 2.2 |+ 8.8 
on See 19 70 a | 17.3 | 18.8 | £7.35 | 16.6 ° 9 7 I+ 1.75/— 1.1 |— 4.4 
CF eee 5 ae) 70 2] 17.5 | 18.8 | 17.5 | 16.8 ° 9 71+ 0.8 |+ 1.75/+ 7.0 
GR Arcs 9 2 28 | 18.2 | 18.3 | 18.2.| 17.8 ° 2 2)/— 0.9 |— 1.2 |— 4.8 
CSecens 30 54 7 | 58.2 | X9.2 | 28.2 | T7s2 ° 23 6 |+ 2.9 |— 6.0 |—24.0 
iy 19 238 18.2 | 18.3 | 17.4 | 16.6 64 6 | 2x |+ 4.1 |+ 1.5 |+ 6.0 
ean 21 58 gz | 27.7 | 18.5. | 27.7 | 16.9 ° 7 6 |—10.9 |+ 2.4 |+ 9.6 
GGis oes 21 06 56.) S74) | 20231] 27040206 ° x 7 |+ 7.8 |— 3.5 |—14.0 
WOias as 4 50 t | 18.5 | 18.6 | 18.x | 16.8 21 Io 4 |—-18.1 |+ 0.1 |+ 0.4 
3 ea Io 20 16.6 | 18.4 | 16.6 | 16.1 ° I9 3 |—16.9 |— 0.5 |— 2.0 
FAS veld 19 x 17,0; | 27.3 i F700 | TO.2 ° I 2\-+- 2.5 |— 1.3 |— 5.2 
gee allen ts 59 Bf EPA [XS eSul TH A ey oes ° Ir Gil 403 |= O85 — tot 
Peer II 48 8.1 18.6 | 18.4 | 37-7 | 27.7 I 16 5 |+16.1 |— 2.6 |—10.4 
ae Ir 86 27 | 18.4 | 19.0 | 18.0 | 16.9 28 24 9 |— 5.95|— 2.6 |—10.4 
YG So wea 24 34 a7) 27.2 |) 26x | T72E| 63 ° I 6 I+ 3.45|— 0.6 |— 2.4 
| 21 41 42 | 37.7 | 18.2 | 17-7 | 16.0 ° 2 5 |+ 6.05/+ 7.55|/+30.2 
1 ae an 4 27 | 18.8 | 18.3 | 18.2 | 17.4 ° 2 3 Il+Ir4.5 | + 0.5 I+ 2.0 
WSS Seca 22 26 16.7 | 27.5 |) 16.71 5.0 ° af 3 4 {i+ 1.5 |+ 2.0 |+ 8.0 

17 124 3 | 8.0 | 15.6.1] 27,8 | 27.3 35 xr | 14 /+ 3.0 |+ 2.8 |+11.2 
Bh eaeas 27 7 £8 | 16.9 | X80) 16.7) | 55.8 ° 2 5 |— 7.4 |—11.7 1—-46.8 
Ee 22 6 27.9 | 18.4. || 17.0 | 17.1 ° 6 2|— 7.1 |+ 1.8 |+ 7.2 
Resins 27 64 627} 27.6} TSS) £770 1) 20.7 ° 64 3 |+- 3.0 |— 2.351 — 9.4 
ae 22 39 22 | 17-5 | 18.0 | 17.5 | 16.7 ° 2 | 10 |+12.2 |— 1.15/— 4.6 
Be coent 28 ¥ 43.| 37.4 | 17.4 | 17.4 | 36. ° I 2 |—11.5 |— 8.3 |—25.2 
SO5a0%4 20 ° Agr) L607.) rages TOG) WeEOs Ol crete ice | erreee I |— 9.4 |— 3.3 |—13.2 
DERN Bk ek eal ace otra tis ck Ch kd nono eae CO TO AS ae ie beat) nis oda ell Sovceae rc eee oe eee 


* Under “Duration” are listed the length of the unobserved interval preceding the first observation, 
the interval between the first and the last plates on which the nova appeared, and the unobserved interval 
following the last observation. When no preceding interval is given, the nova appeared on the first plate of 
an observing season. The intervals are expressed in days unless otherwise designated. 

t Positions are given with respect to the nucleus, X along the major axis (plus to the south preceding), 
Y along the minor axis (plus to the north preceding). The last column gives the Y co-ordinate corrected for 
foreshortening due to the inclination of the nebula to the line of sight. 

_ Number 36 first appeared in August, 1917, following an unobserved interval of two years, and has 
maintained a constant luminosity, 18.2, up to the present time. 

§ Number 39 first appeared in February, 1924, and has remained visible up to the present, varying be- 
tween 19.0 and 19.5. 

{| The mean observed maximum represents 82 novae; Nos. 26, 36, and 39 are rejected. The mean cal- 
culated maximum represents 71 novae. In addition to Nos. 26, 36, and 39, the following are omitted on the 
a og that the preceding unobserved intervals are excessive—Nos. 12, 13, 15, 24, 25, 38, 46, 47, 48, 53, 
and 73. 
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by 4 in order to correct for the inclination of the plane of the spiral 
to the line of sight. The position of the major axis was estimated on 
several plates of long exposures on different scales. The line selected 
was then drawn on a print of the nebula and the orientation was 
measured with reference to stars whose positions were accurately 
known. The position angle of the major axis as thus determined is 
N 36°7 E. The ratio of the axes was estimated on long exposures as 
about 4 to 1, hence the inclination of the spiral to the line of sight is 
of the order of 15°. The nuclear region, by analogy with other spirals 
of the same type which are seen edge on, is probably much less flat- 
tened than the nebula as a whole—a circumstance to be considered 
in reconstructing the image as it would appear were the plane per- 
pendicular to the line of sight. 

An inspection of Table V indicates the necessity of some culling 
before entering upon a general discussion. The most conspicuous 
abnormalities occur in Nos. 26, 36, and 39. Number 26 was first ob- 
served in October, 1921, at about 19.0. It brightened slowly until by 
July, 1924, it was about 18.0. By December of the same year it had 
begun to fade and now, four years later, it has vanished. The de- 
scription appears to be that of a long-period or an irregular variable 
rather than of a nova, and analogies may possibly be found in varia- 
bles Nos. 15 and 19 in M 31 and Nos. 1 and 2 in M 33. Numbers 36 
and 39 appeared, the former between 1915 and 1917, the latter in 
February, 1924, at about 18.6 and 19.0, respectively, and have main- 
tained constant luminosities up to the present date. These stars 
may be of the same general type as No. 26, or possibly they may 
be ordinary stars which have drifted out from behind clouds of dark 
nebulosity. Variable No. 20 in M 31 may be a similar object. At any 
rate, the three stars clearly are not normal novae and can be dis- 
carded in statistical discussions. It is significant also that they are 
among the faintest which were originally observed as novae. 

Number 22, discovered by Humason in February, 1923, appeared 
on only one plate. The image, however, shares the distortion, due to 
astigmatism in the mirror, which the other stars exhibit, hence there 
is no doubt as to the reality of the nova. Number 86 is a similar 
case, but no other object is included which has not appeared on more 
than one plate. For the following sixteen, however, the observations 
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are very meager: Nos. 7, 8, 9, 11, 17, 18, 23, 28, 48, 51, 61, 65, 71, 72, 
82, and 85. In these cases there are either but two observations or 
three or four covering a short interval of time. 

Numbers 15, 38, 46, 47, 48, 53, 62, and 73 appeared on the first 
plates obtained after unobserved intervals of more than a hundred 
days. The maximum observed magnitudes of some of these are prob- 
ably much fainter than the real maxima, which may have occurred 
some weeks earlier. This offers a ready explanation of the faintest 
two maxima listed in Table V, 18.7 for Nos. 38 and 46. In eight 
other cases, the first observations follow unobserved intervals of 
more than thirty days. 

In five cases, Nos. 40, 58, 67, 75, and 80, observed maxima oc- 
curred several weeks after the first observations, although it is un- 
certain whether these represent primary or secondary maxima. In 
the discussions which follow, all novae are included excepting Nos. 1, 
26, 36, and 39. The twenty-three novae listed in the two preceding 
paragraphs, however, and, to a lesser degree, the six mentioned at 
the beginning of the present paragraph are entitled to smaller weight 
than the remaining novae. 

These stars have been called novae because they flare up very 
suddenly, fade slowly, and vanish completely. In the eighty-five 
cases listed, none has reappeared during the.eighteen years covered 
by the observations at Mount Wilson. Occasional plates at other ob- 
servatories extend the period less certainly over an additional ten 
years. Novae are the only galactic objects which exhibit such charac- 
teristics. 

These stars at maxima, moreover, are about the brightest objects 
in the spiral, and average more than 2 mag. brighter than the Ceph- 
eids. In the case of No. 54, a small-scale slitless spectrogram was 
obtained by Humason, at the Newtonian focus of the 1oo-inch reflec- 
tor, some six days after maximum. The continuous spectrum ex- 
tended well into the violet, and faint patches of emission could be 
seen in the region of the Balmer lines of hydrogen. The color-index 
was less than the errors of the determination, which were estimated 
as about 0.2 mag. These indications, while by no means conclusive, 
strengthen the analogy with galactic novae. 
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LIGHT-CURVES OF NOVAE 


The data on individual stars are usually fragmentary, but in a 
few cases they are sufficient to indicate the general form of the light- 
curves. The sharp initial rise, familiar in galactic novae, appears to 
be certainly present. The most conspicuous examples are novae Nos. 
2 and 3, which Ritchey found on a plate exposed on the morning of 
September 13, 1909, although they were not visible on a plate ex- 
posed four hours earlier. Both novae had brightened at least 0.7 
mag. within that interval. By the next exposure, on the late evening 


Fic. 5.—Light-curves of six novae in M 31 observed near maximum 


of the same day, No. 2 had brightened another 0.7 mag. Nova No. 
34 rose 1.5 mag. above the limits of the plates during an unobserved 
interval of about twenty hours, and on the next plate, a day later, 
was 0.8 mag. brighter yet. Other instances are Nos. 37 and 44, which 
appeared about 2 mag. above the limits of the plates after unob- 
served intervals of four and two days, respectively. Number 54 first 
appeared at 17.3 after a long unobserved interval, but on the next 
plate, twenty-two hours later, it was 15.3. Since these data set lower 
limits only, the actual rates of brightening may be considered com- 
parable with those of galactic novae. 

Data for six novae well observed near maximum, Nos. 32, 34, 37; 
42, 44, and 54, furnish a mean light-curve, shown in Figure 5, in 
which the rapid rise, the minor fluctuations, and the slow decline 
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are conspicuous. A composite light-curve, incorporating most of the 
data in Table IV, has also been constructed on the assumption that 
the actual maxima of the various novae occurred in the middle of 
the unobserved interval preceding the first observation. Novae for 
which this unobserved interval exceeds thirty days were excluded, 
and, in addition, those for which the observed maxima occurred long 
after the first observations, and Nos. 21 and 70, for which the data 
were so poorly distributed that the curves could not be reconstructed 
with any certainty. This selection reduced the number of available 
novae to fifty-seven. 

Mean magnitudes were computed for various dates after max- 
imum, and the mean curve thus indicated is approximately linear 
with a slope of about o.o5 mag. per day. The region of greatest 
weight, however, is between ten and twenty days after maximum, 
the earlier and later portions depending largely on linear extrapola- 
tions or interpolations from rather meager data. A comparison of the 
mean magnitudes on the two curves, the composite curve, and that 
for the six well-observed novae indicates that the latter is somewhat 
steeper, but that in the region where the former has greatest weight, 
the two agree very closely. This suggests that the six selected novae 
are representative cases, and that their behavior near maximum is 
probably typical. . 

The composite curve indicates a mean maximum of about 16.6 as 
against 16.2 for the selected curves. The discrepancy is due to two 
factors—the inclusion of fainter novae in the composite curve and 
the linear extrapolations backward from the first observations. The 
latter is the more serious since it ignores the humps at maxima which 
are indicated by the well-observed novae. The point is rather im- 
portant in connection with the frequency distribution of maxima; 
hence some form of the mean curve in this region must be adopted, 
even though it be somewhat arbitrary. Fortunately, the limits of 
the selection are not widely separated, and a simple mean between 
the two curves will not be grossly in error. With this procedure, the 
hypothetical mean maximum is 16.4 and the mean magnitudes at 
three, five, seven, and ten days after maximum are 16.7, 16.8, 16.9, 
and 17.1, respectively. At ten days after maximum the two curves 
are in agreement, and from then on the composite curve may be used 
with its linear slope of about 0.05 mag. per day. 
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FREQUENCY DISTRIBUTION OF MAXIMA 


The maxima of the various novae can be determined with the aid 
of this standard light-curve by extrapolating backward from the 
first observations, on the assumption that the maxima occurred mid- 
way in the unobserved intervals preceding these observations and 
that the various individual curves are approximately parallel. In a 
few cases, departures from the formal procedure, clearly indicated 
by the data, have led to more probable values for the maxima. The 


TABLE VI 
MEAN MAGNITUDES ON THE COMPOSITE LIGHT-CURVE 
AND THE LIGHT-CURVE FOR SIX 
WELL-OBSERVED NOVAE 


spe eta Composite Six Novae Mean 
Oey On eee (16.6) 16.23 (16.4) 
es ORT ee ten eee eee ae 16.25 (16.5) 
C57; Aree eee 16.8 16.5 (16.7) 
Co sensi som 16.95 16.65 (16.8) 
VEG Net Sone T7.0 16.8 (16.9) 
TOs se eral skies 17.14 17.05 (r7.2) 
TA nope wean t7.33 DSO (ai Worceae kart ote Ste 
TS at irs ce: Tyo A ae en oe ee 
ZOEs coe eece sles 17.63 1 WRAY A Maal Mente eee IEG 
Re eae BRO 17.88 TSO) || G2 iyesetsrste 
BOM keine iat 18.1 CREW Glare Sees tee! 
Aen Poke 18.6 MEStO)e alike ch erste 


maxima, observed or hypothetical, are listed in the eighth column of 
Table V, and exceptional cases are given in the footnotes. 

A frequency-curve of seventy-one maxima’ is shown in Figure 6. 
In order to smooth the curve somewhat, the numbers of novae have 
also been summed over intervals of 0.3 mag., centered upon succes- 
sive tenths. The restricted range, the symmetrical form, and the 
narrow maximum are unexpected features; but they appear to be 
definite characteristics, independent of the particular method of anal- 
ysis. Any reasonable treatment of the data would lead to results of 
the same general character. The mean magnitude is 16.43, and the 
most frequent magnitude, about 16.5. 


t In addition to Nos. 26, 36, and 39, novae Nos. 12, 13, 15, 24, 25, 38, 46, 47, 48, 
53, and 73 are omitted because the unobserved intervals preceding the first observations 
exceed forty days. : 
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Although the general character of the frequency-curve appears 
to be established, the details depend upon extrapolations of.a some- 
what arbitrary nature. For this reason a similar curve has been con- 
structed, showing the frequencies of magnitudes fourteen days after 
maximum, where the extrapolations and interpolations are reduced 
to a minimum. This curve (see Fig. 7) is of the same general char- 
acter as that in Figure 6. The mean magnitude is 17.37, and the 


° = 
DG.MAG. 16 


Frc. 6.—Frequency distribution of magnitudes at maximum among 71 novae in 
M 31. Open circles indicate numbers for each 0.1 mag.; black disks indicate sums over 
intervals of 0.3 mag., centered on successive tenths. The maxima, in general, have been 
derived from the mean light-curve of novae in M 31, on the assumption that maxima 
occurred at the middle of the unobserved intervals preceding the first actual observa- 
tions of the novae. 


most frequent magnitude is about 17.35. The mean magnitude, ex- 
trapolated according to the standard curve, gives a maximum of 
16.44, in agreement with Figure 6, hence the adopted maximum, 
16.5, appears to be a conservative estimate. 

These frequency-curves indicate that the novae observed in M 31 
are very similar objects. Their maxima, for instance, can be pre- 
dicted with a probable error of the order of 0.5 mag., and the total 
range is of the order of 3 or 4 mag. The data indicate only two max- 
ima fainter than 17.5, although the limits of the observations are 
from 1.0 to 2.5 mag. fainter. It is probable that some faint novae 
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have been missed, especially in the very dense nuclear region; but 
the wealth of material covering other regions clearly indicates that 
the number is relatively small. Variables were frequently found 
whose maxima were around 19.0 and were followed to 20.0 and 
fainter, but no’very faint novae were found except on plates follow- 
ing long unobserved intervals. The relative distribution of maximum 
magnitudes actually observed among novae and variables is shown 
in Figure 8. 


° 
PG.MAG. 19 


« Fic. 7—Frequency distribution of magnitudes of novae 14 days after maximum. 
Open circles indicate numbers for each o.1 mag; black disks indicate sums over intervals 
of 0.3 mag., centered on successive tenths. 


At the distance indicated by the Cepheids, the most frequent 
magnitude at maximum, 16.5, corresponds to an absolute photo- 
graphic magnitude of — 5.7. Since the color-indices of novae at max- 
imum are negligible, the visual magnitude is about the same. Abso- 
lute magnitudes at maximum are reliably determined for only two 
galactic novae—Nova Persei (1901) at —5.0 and Nova Aquilae 
(1918) at —g.2. The various discussions of the mean magnitude of 
galactic novae at maxima, mainly by Lundmark, have led to values 
ranging from —3 to —Q, the last published value’ being —6.1. This 

t “Studies of Anagalactic Nebulae,” Meddelanden fran Astronomiska Observatorium, 
Upsala, No. 30, 1927. 
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agrees as closely as can be expected with the value for novae in M 31 
and suggests no considerable revision of Shapley’s zero point in the 
period-luminosity curve for Cepheids. 

Aside from the possible uncertainty in this zero point, the abso- 
lute magnitudes of novae in M 31 are determined with a much great- 
er precision than those in the galactic system. Hence, if the novae 
in the two systems are objects of the same sort, the frequency-curves 
for those in M 31 may be used to advantage in studying the distribu- 
tion of novae in the galactic system. The approximate agreement in 


ee 


Fic. 8.—Frequency distribution of observed maxima of novae and variable stars 
in M 31. Black disks refer to novae; open circles, to variable stars. The points indicate 
numbers for each 0.1 mag. The diagram emphasizes the completeness of the data for 
novae, and hence the reality of the restricted range in magnitudes at maxima indicated 
by Figures 6 and 7. . 


the mean magnitudes at maximum, the characteristics of the light- 
curves, and the fragmentary evidence of color and spectrum suggest 
very strongly that the two groups actually are similar. The range 
in magnitude at maximum among galactic novae is unknown at 
present, and no definite conclusion can be formulated as to its value 
until the number of reliable individual distances is sufficient to per- 
mit a statistical treatment of the data. If the use of the frequency 
distribution of maxima in M 31 should lead to wholly inconsistent 
results for the distances of galactic novae, the question of similarity 
would be definitely settled in the negative. 

Four novae have been found thus far in M 33, but each has first 
appeared on plates following unobserved intervals of several months. 
Two of these are discussed in an earlier paper, and data for the two 
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later objects are given in the footnote below.* All four were obviously 
on the descending branch of their light-curves when first observed, 
hence no certain information is available concerning their maxima. 
The first observations give 17.2, 17.9, 18.1, and 17.9 mag. The mean, 
17.7, 1s about the same as the mean of the ten similar cases in M 31, 
namely, 17.6, and leaves little doubt that the novae in the two spirals 
are similar objects. This evidence, weak as it is, materially strength- 
ens the analogy between the spirals and the galactic system based 
upon the observations of Cepheids. 

The one nova thus far observed in the Magellanic Clouds? reached 
an absolute magnitude of at least — 5.0, but, as far as can be judged 
from the records, probably did not exceed — 7.0. 

The occasional novae which have appeared in the smaller extra- 
galactic nebulae and which have attained luminosities that are re- 
spectable fractions of the total luminosities of the nebulae them- 
selves are clearly a different sort of object from the normal novae 
in M 31 and 33. They are generally classed with S Andromedae, the 
nova of 1885 in M 31, as a rare and peculiar type. 


FREQUENCY OF NOVAE 
The numbers of novae for the various observing seasons are given 
in Table VII. The more systematic spacing of the plates accounts for 
the larger numbers of novae discovered during the last five seasons, 
t Mt. Wilson Contr., No. 310; Astrophysical Journal, 63, 236, 1926. Nova No. 3 


appeared 6/6 south following the nucleus of M 33; No. 4 appeared 1/9 south and 0/4 
following variable No. 34. The magnitudes are as follows: 


Plate J.D. No. 3 No. 4 
BAAS AMA Se OM ors ata (etme diaeyd ain ee aya ieueines eT 
2,424,403 .3 18.1 
2,424,610.6 18.6 
2,424,918 .3 
4 ABEROOE Oi) Nidenwns «nee: (ef 
W.ASecee4sS 2 lnosceaneees 18.1 
BAGS TAT OOF laniccces ease 19.2 


2,425,211.3 


After the present paper was prepared for publication, W. Baade announced the 
discovery on October 15, 1928, of a nova in M 33, which was observed at the sixteenth 
magnitude. This fifth nova strengthens the analogy with M 31 in a very evident man- 
ner. 


2 Harvard College Observatory Bulletin, Nos. 847 and 851, 1927. 
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hence these data may be regarded as representative. Comparison of 
the numbers of novae with the months covered by the observations 
indicates a frequency of sixteen or seventeen novae per year. This, 
however, neglects the very considerable gaps in the observations. 
By assuming that each plate shows all novae which appeared dur- 
ing the preceding ten days, the average number per year is found 
to be about thirty. If the preceding interval is put at fifteen days, 
the annual average is 21.5; for an interval of twenty days, the aver- 
age is 18.5. Since the ten-day interval is almost certainly too short 
and the twenty-day interval is probably too long, the intermediate 
value may be accepted as a reasonable approximation. 


TABLE VII 


FREQUENCY OF OBSERVED NOVAE 


Season Novae Interval Season Novae Interval 
IQOQ-I9IO....... 3 3.0 M0.|} 1923-1924...... 8 Wcasy L000}, 
ROLY —LOLOcee ee yi) 6.0 TO2A—-TO2s ace Il 8.0 
TOLS—-IOIO. «2-4. 4 7.0 EOQ2Q5=10 20.0 ee 15 8.0 
TOLO—1020". . . es 5 5 7.0 TOZO=1O2 emer I2 8.5 
TO2O7TORTER, ene ¢ 5 7.0 1927-——........ 7 Pa 
TO2E—-TO22.00 is I 7.0 
LO22-1023 ¢ sce ss 4 8.5 

LOCA Rees 20 45.5 opaleeern 53 39.0 


The resulting annual average of 21.5 must be increased to include 
novae which have been missed in the study of the plates, those 
which have been below the limits of plates made under exceptionally 
poor conditions, and still others which have appeared in regions not 
covered by the plates. The first and last of these sources of error 
are believed to be of minor importance. Thus, during the re-examina- 
tion of the entire series, eight additional novae were found on plates 
prior to the season 1923-1924, but none on the more recent plates. 
In the outer region of the nebula, novae appear to be very rare; 
in Region 4, 48’ from the nucleus, only one example has been found 
on the sixty-five plates covering four observing seasons. Allowance 
for bosses arising from these two sources might perhaps increase the 
annual average to twenty-five. 

Loss from the second cause is believed to be more important, 
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especially during the winter months when the observing conditions 
are frequently bad, but the amount is difficult to evaluate. It sug- 
gests, however, that thirty per year is a reasonable estimate of the 
frequency of novae in M 31. 


Fic. 9.—Distribution of novae and variables observed in M 31. Black discs refer 
to novae; open circles, to variable stars. X and Y are the major and minor axes of 
the nebula. The Y co-ordinates have been corrected to represent the plane of the spiral 
as perpendicular to the line of sight. The blank region to the left of X = — 30’ is account- 
ed for by lack of observations. The preponderance of negative signs among the larger 
numerical values of Y appears to be significant. 


DISTRIBUTION OF NOVAE 


The distribution of novae over the image of the nebula is shown on 
Plates I, III, IV, where positions are marked. The positions are given 
diagrammatically in Figure 9, the Y co-ordinates being corrected to 
represent the spiral as perpendicular to the line of sight. Few novae 
have been found in the great rifts between the spiral arms, nor do 
they show any conspicuous relation to the numerous small dark 
markings. In general, the distribution of novae follows the distribu- 
tion of luminosity in the nebula. The concentration in the nuclear 
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region is conspicuous, although it is noteworthy that only three 
novae besides S Andromedae have been found less than 4’ from the 
center. This does not appear to be wholly a result of limitations set 
by the dense nebulous background. The zone from 4’ to 8’ from the 
center is the most prolific, having produced twenty-eight novae, or 
about one-third of the total number observed. From 4’ outward, the 
total numbers in 5’ zones diminish steadily, and the numbers per 
unit area diminish even more rapidly, as may be seen in Table VIII. 

Beyond the nuclear region there is an apparent asymmetry in 
the distribution in the sense that the observed novae are more nu- 
merous in the half of the nebula south following the major axis than 
in the north-preceding half. For 4Y >15’, there are only three novae 
in addition to the doubtful No. 39 in the north-preceding half, while 
in the south-following half there are eighteen besides the doubtful 
No. 26. When other variable stars are considered, the discrepancy 
is even greater—six objects as against thirty-one. In the north-pre- 
ceding half, the nebula is less luminous, the rifts between the arms 
more pronounced, and, in general, the mottling due to dark markings 
is more conspicuous. This suggests a correlation with some form of 
obscuration, but the relation is not definitely indicated. The mean 
magnitude of the three novae in the north-preceding half, Nos. 27, 
56, and 77, is 17.6 for the observed, and 16.95 for the computed 
maxima. These are somewhat fainter than the corresponding values 
for the novae in general, but the data are too limited for the dif- 
ferences to be regarded as significant. 

Among the novae, as among the Cepheids, there is no definite 
relation between luminosity and distance from the nucleus. The data 
are shown in Table VIII. 

These results indicate the absence of any considerable absorption 
by the unresolved luminous portions of the nebula, although obscura- 
tion by well-defined dark markings is conspicuous. The fact that the 
nucleus is sharply visible, although buried to a depth of many hun- 
dreds of parsecs of nebular material, points in the same direction. 

The observational data bearing on the composition of the nuclear 
region are (1) the lack of absorption, (2) the infrequency of very 
bright giants (MW < —3.2), (3) the appearance of novae, and (4) the 
characteristic dwarf solar-type spectrum with broad fuzzy lines. A 
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superficial interpretation of these data suggests a star cloud in which 
bright giants are rare, in contrast with the outer arms of the spiral, 
where giants are abundant. The Cepheids would then follow the 
distribution of the giants, while the novae would follow that of the 
fainter stars, or possibly that of the stars in general. 

From the observed shapes of nebulae, however, Sir James Jeans 
has concluded that the nuclear regions of spirals, as well as the 
elliptical nebulae, must be gaseous.’ The lack of resolution is thus 


TABLE VIII 


FREQUENCY OF NOVAE AT DIFFERENT DISTANCES 
FROM THE NUCLEUS 


Mean Maximum 
ZONE NovVAE Asean EN 

Obs. Gal: 
Salad. eee ae 12 4/0 L7eoe 16.51 
er O aieere (ean. orcue a 25 v2 I7.04 16.31 
MOTs ede ierave asa ee 19 I2.9 gps 16.59 
Per sO cee ware a 13 LOGS 17.03 16.34 
Ola ese tete x extel ores 13 44.5 17.38 16.69 


accounted for, and since the densities are low—of the order of 10 *, 
the lack of appreciable absorption is also explained. The novae and 
the spectrum raise difficulties, but these, according to Jeans, are not 
unsurmountable. The novae, for instance, might possibly be ex- 
plained as due to the penetration into the gaseous region of stars 
from the outer portions. This would also account for the lower fre- 
quency of novae in highly resolved nebulae (e.g., M 33, N.G.C. 6822, 
and the Magellanic Clouds), where the unresolved regions are rela- 
tively small. 
THE BRIGHT NON-VARIABLE STARS 


No general investigation of the luminosity function of the giant 
stars in M 31 has been undertaken, but measures have been made of 
stars in the cluster N.G.C. 206, which appears to belong to the spiral. 
This is an open cluster in Region 4, about 41’ south preceding the 
nucleus along the major axis (Y¥ =40/8; Y=+4!'4). Its dimensions 
are about 6’ x2’, and the elongation is roughly north-south. About 
ninety stars are brighter than photographic magnitude 18.5, twelve 

t Astronomy and Cosmogony, p. 336, 1928. 
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of which may be attributed to the galactic foreground. At the dis- 
tance indicated by the Cepheids, the dimensions of the cluster would 
be of the order of 480X160 parsecs, and apparent magnitude 18.5 
would correspond to absolute magnitude —3.7. There are no defi- 
nite indications of stars brighter than —5.5, but at —5.0 they begin 
to be fairly numerous. Preliminary inspection of other fields in the 
nebula suggests the possibility of a few stars brighter than — 6.0, but 
that large numbers do not appear until — 5.0 is passed. 

Very bright stars appear to be relatively more numerous in M 33, 
where, in general, they seem to be white or blue. In M 31 the brightest 
stars appear to have a slightly larger color-index, averaging perhaps 
+0.3 or +0.4 mag. The stars in N.G.C. 206 have been measured on 
Cramer Iso plates, exposed with the 1oo-inch reflector for two hours 
through a visual color-filter, the scale being established by three com- 
parisons with the North Polar Sequence made with the 60-inch re- 
flector. The various plates are not of the best quality; but the inter- 
nal agreement is rather good, and the results probably indicate the 
order of the colors. The faintest photovisual magnitudes represent 
an extrapolation of about 1.5 mag. beyond the standard stars. 

A plot of the color-indices against the photographic magnitudes 
is shown in Figure 1o. The galactic latitude of the cluster, +22°, is 
only 6° less than that of the North Pole, hence the distribution of the 
colors among the foreground stars should approximate that among 
stars in the Polar Sequence, although the polar stars may be ex- 
pected to average slightly redder. A probable lower limit to the 
color-indices of the foreground stars, similar to that used in discuss- 
ing the color-indices in M 33,‘ may be derived from these data. This 
limit has been indicated in the figure by a dotted line, and the num- 
bers of stars above the line are roughly the numbers of foreground 
stars to be expected within the area. The area is too small to inspire 
any confidence in statistical conclusions, but the results suggest that 
red stars are not frequent among the brighter stars in the cluster 
and that the average color-index of the latter is about 0.35 mag. 

Photovisual plates of other regions, notably Region 4, about 10’ 
south of N.G.C. 206, appear to be consistent with these conclusions, 
but the scales have not been sufficiently well established to permit 

1 Mt. Wilson Contr., No. 310; Astrophysical Journal, 63, 236, 1926. 
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numerical comparisons. The Cepheids, however, clearly have larger 
color-indices than the general average of the other stars in this region 
of the nebula, and appear to be approximately of the solar type. 
Great clouds of dark material occur in these outer regions, but the 
normal residuals from the period-luminosity curve of the Cepheids 
suggest that absorption, either general or selective, is not appreciable 
beyond the observed limits of these clouds. 

No patches of luminous diffuse nebulosity have been found in 
M 31, although they appear, along with blue giants, in several of the 


Fic. 10.—Color-indices of the brighter stars in N.G.C. 206, an open cluster in M 31. 
The diagram includes all stars down to 18.5 pg. mag. The dotted line indicates the 
probable lower limit of color-index among the foreground stars. The number of stars 
above this line is about the number of foreground stars to be expected. The data on 
color-indices are complete to the full line with a slope of 45°; below this line, the photo- 
visual magnitudes are incomplete. 


most conspicuous of the late-type spiral and irregular nebulae. Dif- 
fuse nebulosities with emission spectra are the most easily identified, 
and these seem normally to accompany the characteristic of high 
apparent resolution. In general, such resolution implies an abun- 
dance of super-giant stars, and it is possible that the presence of 
emission nebulosities may indicate the relative frequencies of blue 
stars among these super-giants. The argument is rather speculative, 
but, since emission nebulosity is found only in highly resolved nebu- 
lae, it encourages the idea of a progressive tendency toward blueness 
among the brightest stars along the normal sequence of nebular 
types, such as is suggested by the comparison of color-indices in 
M 31 and 33. 
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Another suggestion arising from the comparison, namely, that 
brighter absolute photographic magnitudes are attained in the late- 
type spiral M 33 than in that of the intermediate type M 31, seems 
also to be an example of a more general relation. The evidence, 
scanty and rather ambiguous, is found in the slight systematic 
decrease along the sequence of nebular types, in the difference 
between the luminosities of the brightest stars and the total 
luminosities of the nebulae in which they are involved. In an ear- 
lier discussion of such differences, a mean value was derived for all 
available nebulae, of whatever type, in which stars could be de- 
tected. A closer inspection of these data, supplemented by additional 
material, suggests the systematic effect above mentioned." 


MASS AND LUMINOSITY DENSITIES IN M 31 


Some notion of the conditions within the nebula may be derived 
from rough estimates of the density both of mass and of luminosity. 
At a distance of 275,000 parsecs, the scale is 1’ =8o parsecs, and the 
radius of the spiral, 80’, is 6400 parsecs. By analogy with spirals of 
the same type seen edge on,” the semi-minor axis is assumed to be 
one-eighth of the radius, or 800 parsecs. The order of the volume can 
be approximated by supposing the figure to be generated by an isos- 
celes triangle with an altitude four times the base, rotated around 
the base. This gives 


3 
are (6400) 


3 =6.9X 10" cubic parsecs . 


The mass of the inner region, out to 2‘5 from the nucleus, can be 
estimated on the assumption that the spectrographic rotation repre- 
sents motions in circular orbits in a gravitational field. Then,? since 


* Mt. Wilson Contr., No. 324; Astrophysical Journal, 64, 321, 1926. No stars have 
been found in any of the Sa spirals, or in any of the elliptical nebulae except M 87 
(N.G.C. 4486), where the difference between the nebula and the brightest stars is about 
romag. For 14 Sb spirals, the average difference is about 9.6 mag., and for 12 Sc spirals, 
about 9.0. 


2 Mt. Wilson Contr., No. 324; Astrophysical Journal, 64, 321, 1926. 


3 The formula Mass © = 235av?, where a is the distance from the center in parsecs 
and v is the velocity of rotation in km/sec., is derived from the familiar formula for 
circular orbits in the solar system, Mass=vrk—. 
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the velocity of rotation at 2‘5, or 200 parsecs, from the nucleus is 
about 72 km/sec., 


Mass = 235 X 200X 727© =2.4X10°O . 


The total mass of the nebula follows from the arbitrary assumption 
that it is ten or twelve times that of the inner region. A value pre- 
viously used, 3.5 X 10°©, is probably of the right general order." 

The absolute visual magnitude, —17.2, which follows from Hole- 
tschek’s value for the apparent magnitude, 5.0, is probably a lower 
limit, but may be used for the rough calculations. 

With these values, the mean luminosity density, in absolute 
visual magnitudes, is 9.9 per cubic parsec, and the mean mass den- 
sity is about one sun per 20 cubic parsecs. Both densities are of 
the same order as those for the galactic system in the vicinity of the 
sun. In M 33,? the luminosity density is slightly brighter, 9.3 per 
cubic parsec, but the estimated mass density, 3 © per cubic parsec, 
is about sixty times greater, and the discrepancy suggests the in- 
adequacy of the methods used in determining the masses, especially 
in the case of M 33. 

In terms of the sun’s mass and luminosity, the relation 

Mass=5.5L, 


which holds in M 31, has a coefficient about twice that for the relation 
in the vicinity of the sun. The inaccuracy of the data, however, justi- 
fies only the conclusion that the coefficients are of the same order in 
two cases. The coefficient for the relation in M 33, 160, again sug- 
gests the inadequacy of the estimated mass of that spiral. 

The central sphere, with a radius of 2'5 = 200 parsecs, which ap- 
pears to rotate like a rigid body, has a mass, as previously computed, 
of 2.4X108© and a volume of 3.4107 cubic parsecs. The mean 
mass density is about 7© per cubic parsec, or 5XIo ” in C.g.s. 
units. If the central sphere is assumed to be 2 mag. fainter than the 
entire nebula, the absolute visual magnitude is —15.2 and the mean 

* Mt. Wilson Contr., No. 324; Astrophysical Journal, 64, 321, 1926. 

2 Mt. Wilson Contr., No. 310; Astrophysical Journal, 63, 236, 1926. The radial com- 
ponent of the velocity of rotation of M 33 is derived from the difference between the 
radial velocities of the nucleus and of a patch of emission nebulosity in one of the arms. 


The velocity of the nucleus depends upon one spectrogram on a very small scale and is 
very uncertain. 
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On 


luminosity density is 3.6 M per cubic parsec. The relation between 


mass and luminosity, 
Mass=2.3L, 


is of the same order as for the nebula as a whole, but this result follows 
from the tacit assumption involved in estimating the whole mass, 
namely, that in the outer regions, the distribution of mass tends to 
follow the distribution of luminosity. 

As the nucleus is approached, however, the mass density remains 
constant (according to the assumption of uniform angular rotation), 
while the luminosity density is observed to increase rapidly. The 
nucleus itself, on the shortest exposures, is sensibly round, with a 
diameter of about 3’, or 4 parsecs, and an apparent photographic 
magnitude about 14.0, or —g.2 on the absolute visual scale. Since 
the volume of the sphere is about 34 cubic parsecs, the mean luminos- 
ity density is of the order of —5.4 M per cubic parsec. The mass 
density, on the assumption of uniform angular rotation, is 5X10 ”, 
or 7 © per cubic parsec as given above. 

The relation between mass and luminosity is now of the order 


Mass=o.oo1Ll , 


which clearly does not represent the relation: to be expected in a star 
or a cluster of stars giving a dwarf spectrum. Inaccuracies in the 
data will not seriously affect the order of the luminosity density, 
hence the uncertainties must be referred to the estimation of mass. 
If the latter approximates the proper order of magnitude, the mass- 
luminosity relation becomes significant and suggests that the nuclear 
material is in a gaseous state. 

The nucleus of M 33 is very similar to that of M 31. The two 
show about the same spectral type, diameter, and absolute magni- 
tude. The mean luminosity densities are not very different from 
those in the central regions of the more compact globular clusters. 
M 3, for instance, has a total absolute magnitude of —g.1, and the 
central sphere, with a diameter of 4 parsecs, is possibly 2 mag. fainter. 
The mean luminosity density of this inner region is therefore about 
—3.3 M per cubic parsec, or about one-seventh as bright as in the 
nuclei of the spirals. Nothing definite is known concerning the masses 
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of globular clusters, hence comparisons of mass densities cannot be 
made. The similarity in the luminosity densities suggests an analogy 
which is not encouraged by the mass-luminosity relation in the nu- 
clei of the spirals. 

A comparison of M 31 with the galactic system involves even 
greater uncertainties than those encountered above. Seares’s' recent 
discussion of the galactic system, based upon star counts in the 
Selected Areas, suggests that it resembles a very late-type spiral, 
from 60,000 to go,ooo parsecs in diameter, in which the nucleus, 
I5,000-20,000 parsecs distant according to Shapley, is hidden from 
the earth by the obscuring clouds which form the great rift in the 
Milky Way. The sun is perhaps halfway out from the nucleus to 
the border, in one of the condensations represented by the local 
cluster, hence the density in our vicinity would be of the same gen- 
eral order as, or perhaps somewhat greater than, the mean density 
of the system. This lends some significance to the comparison of 
mass and luminosity densities in the vicinity of the sun with those 
for M 31. 

If a diameter of 80,000 parsecs is assigned to the galactic system 
and a ratio of diameters of 1 to 10, the volume is of the order of 
1.3 X10" cubic parsecs. The most plausible estimate of the mass is 
perhaps that suggested tentatively by Eddington,” based on the as- 
sumption that the observed motion of the system of the globular 
clusters is in reality a reflection of the rotation of the galaxy. Using 
Shapley’s minimum value of the distance of the sun from the center 
of the system, he finds a mass of 2.7X10"©. These figures lead to 
a mean mass density of one sun per 50 cubic parsecs as compared 
with one sun per 20 cubic parsecs in M 31. 

Some notion of the order of magnitude of the total luminosity 
of the system can be derived by estimating the luminosity of the 
visible region and applying a reasonable correction for the invisible. 
Kapteyn’s very generalized representation of stellar distribution out 
to star densities one one-hundredth that in the vicinity of the sun pro- 
vides about the only data available. The numbers of stars to this 
limit (out to a distance of 8465 parsecs in the galactic plane) are 

t Mt. Wilson Conir., No. 347; Astrophysical Journal, 67, 123, 1928. 

2 Monthly Notices, R.A.S., 88, 331, 1928. 
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equivalent to the numbers in a volume of 1.45 X10" cubic parsecs 
of unit density. Since the unit density corresponds to 8.16M per 
cubic parsec, the absolute magnitude of Kapteyn’s system is 


8.16—2.5 log 1.45X10°=—17.24. 


The larger system, with an assigned diameter of 80,000 parsecs, has 
a volume about twenty-seven times that of Kapteyn’s, hence, if the 
latter were representative, it would be about 3.6 mag. fainter than 
the former. The great amount of obscuration along the galactic 
plane, especially between us and the central region, probably more 
than balances the influence of the local cluster and suggests that the 
magnitude difference should be materially increased. Possibly the 
round number — 22 M may represent the luminosity of the galactic 
system within 2 or 3 mag. This leads to a mean luminosity density 
of 10.8 M per cubic parsec as compared with 9.9 M in M 31. The rela- 
tion between mass and luminosity, Mass=5.2 Z, is also about the 
same as in the spiral. 

These comparisons indicate a general similarity which further 
data are not likely to disprove. The outstanding discrepancy be- 
tween the two systems is in their dimensions. According to the pres- 
ent figures, the galactic system is five or six times the diameter of the 
spiral, although the latter is the largest of the extra-galactic systems 
whose distances are reliably known. M 31, however, is in an inter- 
mediate state of concentration in the observed sequence of spiral 
forms, and could be spread through a much greater volume without 
losing the characteristics of an extra-galactic system. 

Moreover, while the galactic system is very large, the outer re- 
gions, as viewed from a distant source, are very faint. Seares,? using 
a method independent of the spatial distribution of stars, finds that 
the surface brightness of our region, as viewed from a direction per- 
pendicular to the galactic plane, is about 22.93 in visual magnitudes 
per square second of arc. Beyond a certain lower limit, this, of course, 
is independent of distance. Photographic magnitude 23.5 per square 


* Mt. Wilson Contr., No. 230; Astrophysical Journal, 55, 302, 1922. See also Sir 


James Jeans, Astronomy and Cosmogony, p. 15, 1928, where Kapteyn’s data are given 
in fuller detail. 


2 Mt. Wilson Contr., No. 191; Astrophysical Journal, 52, 162, 1920. 
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second of arc represents about the limiting faintness that can be reg- 
istered by long exposures with reflectors of focal ratio 1 to 5, and this, 
corrected by a reasonable color-index, is of the same order as Seares’s 
result. Viewed from a direction in the galactic plane, the surface 
brightness would be considerably greater, but it is improbable that 
photographs from a distant point would show the full dimensions 
suggested by the investigations of Seares and Shapley. This, to- 
gether with the greater concentration in M 31, tends to reduce the 
apparent disparity in size between the two systems very materially. 
The galactic system must be considered as much larger than M 31, 
but the ratio is not greater than that between M 31 and other known 
extra-galactic systems. 
CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
December 1928 
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DESCRIPTION OF PLATES 


PLATE I 
SoutTH PRECEDING END OF MESSIER 31 
Plate by Duncan, August 24, 1925; 100-inch reflector, exposure 2 hrs. on 
Eastman 40 plate. Scale 1 mm=15"1. Top is north. The bright patch 34 mm 
to the right of the brightest star (B.D.+39°158) is a defect. 


PLATE II 
MESSIER 31 
Plate by Ritchey, 24-inch reflector at Yerkes Observatory, September 18, 
rgor. Scale r mm=39"1. Novae are indicated by crosses; variables, by lines 
and a V preceding the number. V1, 15, and 19 can be seen on the plate. The 
open cluster N.G.C. 206 is 3 mm below nova No. 46. Variables in Region 4, 
centered 13 mm to the right of N.G.C. 206, and novae near the nucleus are not 
marked. 
PLATE III 
CENTRAL REGION OF MESSIER 31 
Plate by Duncan, 1oo-inch reflector, 9 hrs. exposure, September 16-17, 
1920. Scale r mm=16"4. Novae are indicated by crosses, excepting Nos. 36 
and 80, which are visible and enclosed in circles; variables, by a V preceding 
the number. V2, 3, 7, 9, and 13 are near maxima. 


PLATE IV 
VARIABLES IN MESSIER 31 
Plates with 1oo-inch reflector; scale 1 mm=8"o0. Top.— Vi near minimum, 
August 4, 1924. At maximum it equals the brighter’of the two stars above and 
to the left. Middle.—V5 near maximum; Vio near minimum, August 5, 1924. 
The large object is M 32. Bottom.—V12 near maximum; V7 and 9g near mini- 
mum, July 30, 1924. The bright star is B.D.+40°r5s1. 


PLATE V 
MESSIER 31, REGION 4 

From same negative as Plate I. Scale 1 mm=147"2. The patch 36 mm to 
the right of the brightest star, B.D.+39° 158, is a defect. The cross marked 40, 
a mistake for 46, indicates the only nova observed in this region. All other num- 
bers refer to variables. V48 to the left of V25 should read V47. V4o is on the 
edge of a small compact cluster, of the same order of dimensions as a globular 
cluster. V23, 24, 28, 30, 34, 37, 38, 39, and 46 are near maxima. 


PLATE VI 
VARIABLES IN REGION No. 4 
Plates with 1oo-inch reflector. Scale 1 mm=6'5. Right-hand plate, Octo- 
ber 26, 1924; left-hand plate, August 24, 1925. Variation is conspicuous in V25, 
26, 30, and 39. 
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A SPECTROSCOPIC DETERMINATION OF THE PRES- 
SURE IN THE CALCIUM CHROMOSPHERE 


AN EXPERIMENTAL TEST OF MILNE’S THEORY 
By ALBRECHT UNSOLD: 


ABSTRACT 


1 and 2. Application of the theory of radiative equilibrium to the emission and ab- 
sorption spectrum of the calcium chromosphere. 

3. The coefficient of scattering —The dependence on wave-length is largely the re- 
sult of Doppler effect which is produced by a kind of turbulent motion in the chromo- 
sphere. 

4. Observations of the H and K emission and absorption lines with the 150-foot 
tower telescope. 

5. Comparison of the observations with the theory developed in sections 1 and 2. By 
determining the numerical values involved in this theory the Cat pressures in the 
chromosphere can be measured. 

6. Comparison with Milne’s theory.—Deviations from thermodynamic equilibrium 
in the chromosphere. 

7. Dynamics and stability of the chromosphere. 

8. Theoretical remarks concerning the distribution of pressure in the chromosphere 
and the theory of Milne. 


INTRODUCTION 


In a previous paper the author’ has given an explanation of the 
self-reversals’ observed in the emission spectrum of the limb of the 
sun. It appeared that the structure of these emission lines is not 
determined, as in the case of absorption lines, solely by the total 
optical depth of the solar atmosphere for the corresponding wave- 
length, but depends on the pressure of the chromosphere itself. In 
the present paper the theory will first be extended for the case of the 
Ca* resonance lines, H and K. It will then appear that the spectral 
distribution of the coefficient of scattering of the upper layers of 
the chromosphere does not depend primarily on resonance scatter- 
ing as in the reversing layer, but is essentially the result of Doppler 


t Fellow of the International Education Board. 
2 Zeitschrift fiir Physik, 46, 782, 1928. 
3 These were previously observed by G. E. Hale and F. Ellerman, Yerkes Observa- 


tory Publications, 3, Part 1, 1903, and by H. Deslandres, Annales de l Observatoire de 
Paris-Meudon, 4, Part 1, 1910. 
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effect of the Ca* atoms. The observations indicate velocities of about 
15 km/sec. 

With the aid of this coefficient of scattering, the pressure and 
even the variation of pressure with height in the chromosphere may 
be deduced, as regards order of magnitude, from the observations. 
Pressures of ~10 75 atm. are obtained. 

If the chromosphere is really supported by radiation pressure, 
the radiation which is removed by the chromospheric absorption 
lines, H, and K;, must exactly suffice to support the mass of Cat 
corresponding to the foregoing pressure. We shall see that this 
fundamental requirement of Milne’s theory is actually fulfilled. 
Finally, we shall add some further considerations about the dynam- 
ics of the chromosphere. In particular, we shall show that theoreti- 
cally there may be a continuous transition between the ordinary 
chromosphere and the prominences. 


I. APPLICATION OF THE THEORY OF RADIATIVE EQUILIBRIUM 
TO THE EMISSION SPECTRUM OF THE SOLAR LIMB 

Before we can calculate the distribution of intensity of the emis- 
sion spectrum we must find the emissivity, J, of the solar atmos- 
phere as a function of the optical depth. For this purpose the cur- 
vature of the layers may be neglected, since the height H of the 
chromosphere is small in comparison with the radius R of the sun. 

The solar chromosphere does not receive its radiation directly 
from the photosphere, but through the reversing layer, which pro- 
duces the broad H, and K, lines. In these deep layers the pressures 
are still comparatively high (104 to 1077 atm.). Therefore, in addi- 
tion to pure resonance-scattering, collisions between Cat atoms and 
other particles will play an important part. Consequently, as the 
author has shown elsewhere,’ there remains in the middle of these 
lines a residual intensity which must be equal for H and K. We take 


its numerical value from the observations as ~~—- of the intensity of 
r 10 

the undisturbed continuous spectrum of the center of the sun. The 

dependence of this residual intensity on direction is given, theoreti- 


* Probleme der modernen Physik: Festschrift zum 60. Geburtstag von A. Sommerfeld, 
Leipzig, 1928. 
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cally, as well as by observations, for r>>1, by 1+ cos d, where @ is 
2 


the angle between the direction of the radiation and the normal to 
the solar surface. Thus, at the lower limit of the chromosphere, the 
outward radiation is 
hei 3 
Doser (+8 cos 9) : (1) 
In the outer chromosphere we can surely neglect the effect of 
collisions and so concern ourselves with pure scattering. We denote 
by § the mean value per centimeter of the coefficient of scattering 
for the whole chromosphere. The mean value for all layers whose 
distance from the outer boundary of the chromosphere is <y is de- 
noted by s. We have designated the total height of the calcium 
chromosphere by H. If we neglect the reaction of the chromosphere 
on the reversing layer, then, according to Milne,’ the emissivity of 
the chromosphere is 


143 sh 
Stevi (2) 
sr  i+sH ° 


Evidently §=s(H); the dependence on the wave-length is the same 
for both § and s. If we take into account the backward radiation of 
the chromosphere and solve the Schwarzschild differential equations 
for an atmosphere which, in its lower part (reversing layer), exerts 
both scattering and absorption, but in its upper part (chromo- 
sphere), scattering only,” we obtain, instead of (2), the equation 


oe sh 
a (2) 


20) _ 
SP LAe 5 5H 


The coefficient w is determined from w*/1—w, the ratio of the coeffi- 
cient of absorption x to coefficient of scattering o for the reversing 

t Philosophical Transactions of the Royal Society of London, A, 223, 201, 1922; 
A. Unsdld, Zeitschrift fiir Physik, 46, 765, 1928, esp. pp. 767 ff. 

2Cf. Mt. Wilson Contr., No. 378; Astrophysical Journal, 69, 278, 1929. 

3 We adopt here the designation of the above-mentioned paper. 
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layer. As was shown in a former paper already cited, 50.044 for 


the H and K lines, and, therefore, - eee 
fro 3 
The observable brightness J of the spectrum of the limb is now 
determined exactly in the manner previously described’ by inte- 
grating along the line of vision over the emissivity multiplied by the 
corresponding absorption factor. If we designate by y the distance 
of the line of vision from the outer boundary of the chromosphere, 


we obtain by the method already described 
ie ( dns 


2 eee 
Pe ( ees ee =» ( aces 2) 
I= 20 oy TS 2R/ ak oRs > NoR/ (* (3) 


2. THE ABSORPTION SPECTRUM OF THE CHROMOSPHERE 


To the Ca* emissions observed at the solar limb there correspond 
in the absorption spectrum of the solar disk two narrow depressions 
in the middle of the H and K lines, the so-called H, and K, lines, 
whose distribution of intensity /, is determined by the total optical 
depth sH of the chromosphere alone. If we confine ourselves for the 
sake of simplicity to the integrated solar radiation? and make use 


of the circumstance that for all wave-lengths - ry $H <1, the for- 
I+w 


mulae derived in the former paper give 


: Io 
se (4) 
ae ais sH 


where F, is the intensity in the middle of the H and K lines for the 

integrated solar spectrum. This formula allows us to determine from 

the observed structure of the H; and K, lines the total optical thick- 

ness of the chromosphere as a function of wave-length. The rough 
* A. Unsild, op. cit., p. 782. 


2 For pure scattering it is known that the dependence of the form of lines on di- 
rection is very small. 


3 A. Unsold, op. cit.; esp. p. 768. 
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picture thus obtained can afterward be refined with the help of 
equation (3) by observations of the corresponding emission spec- 
trum. As we shall see, these confirm, first, the belief that the H, 
and K, lines originate in the outer chromosphere, and allow, more- 
over, a rough estimation of the pressure gradient in the chromo- 
sphere. Before we start with the description and evaluation of the 
observations, however, it is desirable to make some remarks con- 
cerning the coefficient of scattering s or §. 


3. THE COEFFICIENT OF SCATTERING 


In previous papers concerning the structure of solar lines we 
have shown that the coefficient of scattering in the neighborhood 
of a resonance line is determined by radiative damping. The broad- 
ening of lines by Doppler effect could be neglected. The broadening 
corresponding to the thermal motion of atoms in the solar atmos- 
phere is of the order of 1/100 A, which can be neglected, and there 
are no other motions which could have any considerable effect 
on the broader lines. There is a temptation to apply also to the 
chromosphere the well-known formula'™ 


_ ametnhg Nf 
oes mcs Ad? © (5) 


Great difficulties are met in doing this, however. The middle of the 
H, and K, absorptions and emissions should show practically com- 
plete darkness, as the factor 5H in the denominator of formulae (3) 
and (4) becomes enormously great. As we shall see, this is not in 
accordance with the observations; moreover, such an atmosphere 
could not be supported by the light-pressure. An explanation of the 
residual intensity in the middle of the lines by the assumption of 
collisions, as in the case of the reversing layer, would scarcely be 
possible on account of the very low pressures of the chromosphere. 
« Cf., for instance, zbid., p. 768. The designations are: 
e,m=electronic charge and mass 
c=Velocity of light 
\o= Wave-length of the spectral line 
A= Distance of the place observed (A) from the spectral line (Ao) 


N=Number of atoms per cubic centimeter 
f=Oscillatory power (f= 3 and 3 for H and K) 
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A possibility of avoiding these difficulties and, as far as I see, 
the only one, is indicated by a consideration of the geometrical 
structure of the chromosphere. As the spectroheliograms show, the 
outer chromosphere is not a quiet gaseous layer, as was assumed in 
deriving (5), but resembles more a burning prairie. These observa- 
tions suggest the assumption that the whole chromosphere is in a kind 
of turbulent motion with an average velocity v. For the sake of sim- 
plicity we consider the distribution of velocities as Maxwellian, al- 
though naturally this is quite unimportant. As an approximate cal- 
culation easily shows, it is sufficient for what follows to compute 
the coefficient of scattering for the case of Doppler width >> damp- 
ing width. Because of the Maxwellian distribution of velocity, its 
dependence on the wave-length is given by 


pe ara (6) 


where Ad, = oe is the Doppler shift corresponding to the most prob- 


able velocity. The constant C is most easily determined by means 
of Tolman’s relation between the ‘total absorption” and the Ein- 
stein transition probability B,,. We thus have 


I hy 
yf ; Ba; (7) 


the integral being extended over the H and K lines. But, on the 
other hand, B,, is determined by the sum rule of Kuhn, Thomas, and 
Reiche,* which gives 


Bu=—_. (8) 


We thus obtain directly ? 
ia 3 2NT Ar 
VT eM NG -( ) 


Aro 


mc Ado rs (9) 


t Zeitschrift fiir Physik, 34, 510, 1925. 

? First derived in a somewhat different way by W. Voigt, Sitsungsberichte der 
Akademie der Wissenschaften zu Miinchen, p. 603, 1912; esp. p. 617. The earlier litera- 
ture on the subject is given there. 
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PLATE VII 


CHROMOSPHERIC SPECTRUM WITH INTENSITY MARKS 
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Having prepared the necessary foundation, we may now begin in 
a following section the description and evaluation of the observa- 
tions. 


4. OBSERVATIONS OF THE EMISSION AND ABSORPTION SPECTRA 
OF THE CALCIUM CHROMOSPHERE 

By means of the 150-foot tower telescope, a solar image 42.6 cm 
in diameter was projected on the slit of the 75-foot grating spectro- 
graph. In order to obtain the emission spectrum of the chromo- 
sphere, the solar limb was so placed that it formed an angle of 
about 20° with the slit. The spectrum was photographed in the 
first order (1 mm=o.7 A). The photometric scale was obtained in the 
manner previously described. By means of a rotating sector with 
stair-shaped sections, spectra of the center of the solar disk having 
graded intensities were photographed on the same plate. As very 
great intervals of intensity were to be covered, Eastman 4o plates 
were used. The photographs of the narrow H, and K, absorptions 
in the spectrum of the solar disk were taken with the third order of 
the same spectrograph. For the photometric measures the thermo- 
electric registering photometer of the Mount Wilson Observatory 
was used. A superficial survey of the material showed at once that 
the emission and especially the absorption spectrum of the chromo- 
sphere is subject to considerable variation in different parts of the 
sun. The numerical values can therefore claim no very great ac- 
curacy. They are, however, as may easily be seen, fully sufficient 
for our purposes. 

Plate VII shows one of the chromospheric spectra thus obtained. 
Figures 1-4 give photometric traces of the H and K lines (besides 
H, the hydrogen line H,. appears in emission) at altitudes of 2500 
and 5600 km above the photosphere. On Plate VII, 1 mm corre- 
sponds to about 1000 km. 


5. NUMERICAL EVALUATION OF THE OBSERVATIONS 
AND COMPARISON WITH THE THEORY 


We come now to the most important part of the present inves- 
tigation, the measurement of the pressure in the chromosphere. As 
already mentioned, the attempt to account for the observations was 

tA. Unsdld, op. cit., p. 769. 
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first made under the assumption of a quiescent chromosphere. The 
coefiicient of scattering would then be determined by equation (5) 
of section 3. According to this formula, however, as can be seen by 
means of (3) and (4), the middle of the absorption and emission 


Fic. 2.—H and H~ emission 2500 km above the photosphere 


lines ought to be perfectly dark. Furthermore, since in (5) the dis- 
tance from the center of the line, AX, occurs only in the combina- 
tion f/(AX)*, the widths of the H and K emission (and absorption) 
lines should have the ratio of 1:V 2. None of these predictions is 
fulfilled, for the middle portions of the lines show considerable cen- 
tral intensity, and the ratio of the widths of the emission lines is 
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about 1:1.1 instead of 1:1.4. Equation (5) cannot therefore be 
applied to the chromosphere. As was shown in section 3, the only 
way out of this dilemma is the assumption that the chromosphere 
is permanently in a kind of turbulent motion. This hypothesis gives 


Fic. 4.—H and JJ, emission 5600 km above the photosphere 


formula (9) for the coefficient of scattering. We will now show that 
this assumption gives a satisfactory representation of the observa- 
tions and furnishes reasonable values for the pressures in the chro- 
mosphere. Here and in what follows we are, naturally, dealing al- 
ways with the Ca* partial pressure. 

Numerical values must now be introduced into equations (9), 
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(4), and (3). The solar radius is ~7 X10" cm. The height of the 
Ca* chromosphere, according to S. A. Mitchell," is 14,000 km=14X 
ro’ cm. Since the photometric traces refer to heights of 2.5 10° 
and 5.6Xro® cm, the values for y, the distance of the line of vision 
from the outer boundary of the chromosphere, are 11.5 X 10° and 
8.4108 cm. For a first approximation, consider the pressure in 
the upper chromosphere as constant, an assumption that will be 


dropped later, and write in (3), for trial, ae 5. 


The depth of the absorption lines, measured from the bottom 
F, of the ordinary H and K lines, is~ 25-30 per cent;? hence, for 
Ad=o we put in (4) P.~o.75 F.. Thus we can calculate first 5H, 
then §, and finally, by means of (9), the value of N/A), where NV is 
the number of atoms per cubic centimeter and Ad, is the Doppler 
width corresponding to the average velocity of the Ca* atoms. 
Either the width of the absorption lines or the value of F.:F, for 
any A\#o makes it possible by means of equation (g) to determine 
AX, itself and therefore also the value of V. At the same time, the 
intensity of the emission lines is fixed throughout the chromosphere 
by the values of VN and AX. By successive trials the numerical val- 
ues were improved somewhat further, and then the calculations 
were carried through for A\,=o0.2 A, corresponding to a velocity 
of 


meee: - 105 km/sec. =15 km/sec., and for V = 5700 atoms per cu- 
bic centimeter (the average over the whole chromosphere). For § we 
then obtain the following formulae in which Ad is measured in A, 


Ad)\2 
K, line: Sx= rs 10-¥e~ (oa) ; 


_ (Ar\2 (ro) 
H, line: Sg=7:5x 107"e Ee , 


Figure 5 gives a graphical representation of these formulae. Here and 
in what follows the full curve refers to the K line; the dotted curve, 
to H. All the curves are drawn for only one side of the lines. By 


1 Astrophysical Journal, 38, 407, 1913. 
? The difference of this value for H; and K;, can scarcely be measured. 
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equation (4) the whole distribution of intensity of the absorption lines 
can now be calculated. Figure 6 shows the curves thus obtained. 


5 1 
15-19 “10 


7.5:10710 0.5 


0.2 0.4 0.6K 0.2 0.4 0.6 
Fic. 5 Fic. 6 


Fic. 5.—Scattering coefficient for H; and K, 
Fic. 6.—Contours of H; and K; absorption lines 


Let us now consider the emission lines. In Figure 7, again under 


the assumption ar 5, we have plotted by means of equation (3) 


I, 


the intensity 7 of the emission, in units of : , as function of § 
| r 


1 


0.5 


10 100 1000-107 § 


Fic. 7 


Fic. 7.—Intensity of emission as function of § 
Fic. 8.—Emission lines for y=11.5 X108 cm 


(abcissae in logarithmic scale) for the two values of y corresponding 
to our observations. With the help of the curves in Figure 5 we can 
now draw the profiles of the corresponding emission lines. Figures 
8 and 9 show the curves obtained in this way. The general agree- 
ment with observation is fairly satisfactory. The ratio of the line 
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widths is really r:1.1, as the observations require.’ In the same way 
the characteristic dip in the center of the lines results directly from 
our formulae. The agreement of the calculated absorption lines 
with observation is also satisfactory. Only in one respect is there 
still a discrepancy between theory and observation. The intensity 
in the middle of the emission line decreases much more rapidly with 
increasing altitude above the photosphere, that is, with values of 
H—y, than our calculations require. Furthermore, the intensity in 
the middle of the emission lines (Z4,~.) is smaller in comparison with 
the continuous spectrum of the center of the sun, J,, than our pres- 


1 i 


¥28.4:10%em 
Hast 
s-i55 


° slese 
0.2 0.4 0.6A 10 100 1000-10 "= S 


Fic. 9 Fic. 10 


Fic. 9.—Emission lines for y=8.4 108 cm 
Fic. 1o.—Intensity of emission as function of § 


ent theory demands. As seen from Figure 8, this gives, for y= 
I1.5 X 10° cm, the value Tsy-o~0.8X of , or, with rrr (Schwarz- 
r 


schild), Z4,-.-0.03 I,. The observations give about I,,-,.0.o01 J, 
but this numerical value has a considerable uncertainty. 

These differences between the observations and our calculations 
indicate clearly that the assumption of a constant value for s over 
the whole outer chromosphere is only a very rough approximation. 
We must therefore use in equation (3) different numerical values of 
s for different heights. The dependence on the wave-length, in 

* Also the ratio of intensities of the Ca+ lines, K: H=1:0.8, measured by C. R. 
Davidson, Monthly Notices, R.A.S., 88, 30, 1927, agrees well with our results. The 
measures by C. R. Davidson, M. Minnaert, L. S. Ornstein, and F. J. M. Stratton, 


ibid., p. 536, which give an intensity ratio of 1:0.57, refer apparently to a prominence, 
to which our calculations naturally cannot be applied. 
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other words, the average velocity of the Cat atoms, we shall assume 
to be constant. The value of § naturally cannot be changed, as it is 
fixed by the absorption lines. After some trials it was seen that the 
observations can be represented best by putting s =" 
10° cm and s=1/r15 § for y<8.4X10% cm. Figure 10 shows for these 
cases I (in the former unit) as a function of §. It will be noted that 
the maximum of the emission, especially for the higher layers, has 
shifted toward increasing §, that is, toward the center of the line, 
and becomes lower at the same time. 


5 for y<11.5X 


1 1 


05 0.5 


0.2 0.4 0.6A 0.2 0.4 0.0A 
Fic. 11 Fic. 12 


Fic. 11 —Emission lines for y=11.5 X108 cm 
Fic. 12.—Enmission lines for y=8.4 X 108 cm 


The distributions of intensity for the H and K lines calculated 
for y=11.5 Xz0° cm (s=1/6 $) and for y=8.4 20° cm (s=1/15 5) 
are shown in Figures 11 and 12. 

The agreement with the observations is now a great deal better, 
but the calculated total intensity is still too great, and the observed 
decrease of I,,-, with elevation above the photosphere which is ex- 
pressed by 

Ty=11.5X108 cS, 
Ty =8.4X108 


is also greater than our calculations indicate. A much greater de- 
crease of the pressures toward higher layers cannot well be assumed, 
because a comparison of curves 7 and to shows that the characteris- 
tic minimum of intensity in the middle of the emission lines would 
then disappear. This remaining disagreement cannot, however, be 
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considered a serious objection to the theory, since the assumption 
that AX, is independent of y and that s can be considered as constant 
for y > some given value furnishes at best only a rough picture of 
the reality." 

All things considered, the uncertainty of the pressures derived 
in the following paragraph should not be much greater than a factor 
of Io. 

Assuming a temperature of T=4800° K, the exact numerical 
value of which is not very essential, we obtain for the average pres- 
sure of the chromosphere 


p=NkT=4X107°9 dynes/cm?=4X107-% atm. , (11) 


where N =5700 atoms/cm’; k=Boltzmann’s constant. The mean 
pressures for the higher layers are correspondingly: 
for 
y<ir.gX108cm; 0.6X107% atm. , 
and for 
y< BAX TO cts 0.4% 107% dtm, 


If we further consider the pressures in the three layers into which 
the chromosphere is divided by our points of observation to be con- 
stant, the individual values, which may be.regarded as the average 
pressure for these layers, can be estimated by means of the fore- 
going figures. Let us designate the thickness of these arbitrarily 
chosen layers by a, b, c, and the corresponding pressures by Pa, P,, 
P,. We then have the equations 


aP,+bP,+cP,=(a+b+c) Pp, 
aPa+bP, =(atb) hp, (12) 
aPy =ays5p. 


By solving these equations and inserting the numerical values 
we find the following stratification of pressure which is still affected 
with considerable uncertainty, but surely gives the right order of 
magnitude: 

* The assumption of a smaller height of the chromosphere H would also improve 


the agreement between theory and observation. We shall not, however, make an at- 
tempt to press the data. 
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Jayer Thickness Pressure 
Total height 
a ‘ 8.4108 cm Pa~0.3 X10—5 atm. eae ent 
4\ 8 —15 
b | 3-1X10% cm Py~ 2X10—% atm. Average pressure 
n =4X10—5 atm. 
Goye2-5 10) Cn P,~ 19X10—35 atm. 
V 9 
Height above the Photosphere Ca+ Pressure 
o-2500 km I9X10—%5 atm. 
2500-5600 2XI05 
5600-14 ,000 (?) 0.3 X 10735 


In order to summarize all the results at this point it may be 
worth while to state once more that the average velocity obtained 
for the Ca* atoms is 15 km/sec. The thermal velocity of Ca* at T= 
4800 K is 

jee 
pte NEMS 


where M =6.60X 10” is the mass of the Ca* atom. Hence v4,=1.7 
km/sec. 
6. COMPARISON WITH MILNE’S THEORY 


Since a nearly isothermal atmosphere with a pressure of only a 
fraction of an atmosphere would immediately be compressed to a 
thickness of a few hundred kilometers under the action of the solar 
gravitation, E. A. Milne has worked out in a series of papers the 
hypothesis that the chromosphere is supported essentially by light- 
pressure. If this assumption is right, the radiation absorbed, or 
better, scattered away by the H, and K, lines, must be just sufficient 
to support the spectroscopically determined mass of the Ca* chro- 
mosphere. Measurement of the areas under the curves in Figure 6 
leads to the result that the quantity of light scattered away by the 
H, and K, lines corresponds to the complete absorption of a band 
0.3 A wide having the intensity in the middle of the broad H and 
K lines. As this residual intensity, produced by the influence of 
collisions of Ca* atoms with other particles, is about 1/10 of the in- 
tensity of the continuous spectrum of the same spectral region, the 
H, and K, lines correspond to the complete absorption of a zone of 
the continuous spectrum 0.03 A wide. 
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According to Milne’ the number of atoms which can be sup- 
ported by a band of the breadth Ay is given by 


_.  4rhv3 —# 
Na 6 AG (13) 


where g = 2.74 X10‘ is the gravitation at the solar surface; M=6.6 X 
10-3 is the mass of Ca* atoms; and » is the frequency of the Cat 
lines. Substitution of the numerical values gives 


Nm=7X 10" atoms. 


On the other hand, our spectroscopic determination gives 
Nsp=NH =5700X1.4X 109=8X 10” atoms. 


The two values agree therefore far within the accuracy of measure- 
ment. Milne himself has given in his publications pressures of 
~1o 8 atm. for the chromosphere, while we find~ 1075 atm. The 
origin of this difference is that he has overestimated the total ab- 
sorption corresponding to the chromosphere.” 

Our result has a further important consequence: It indicates 
that calcium cannot be doubly ionized to an appreciable degree in 
the chromosphere. For if it were, the light-pressure calculated from 
the total absorption of the H, and K, lines would not be sufficient 
to support the spectroscopically determined quantity of Cat and at 
the same time the corresponding quantity of Catt. 

On the other hand, according to Saha’s formula, the ratio of 
Ca**/Ca* at a temperature of T =4830° K and a partial pressure of 
1o—*5 atm. for the Ca* atoms is given by 


(Oty enas Gai Catan 2 
ia - : ets i 2 —-- = . + — = SE 
log ro Cot (Cat-+2Catt) =log,. Ca | ar +2( aaa ) 


ee — 523° sae logis T—6.5 , (14) 
where the chemical symbols are put for the pressures in atmospheres, 
and J=11.82 volts represents the ionization potential of Cat. One 
obtains, thus, Catt 

Cate ~~ 350 . 
* See Monthly Notices, R.A.S., 88, 188, 1928; esp. p. 192. 


? Milne himself has remarked, however, that smaller figures would probably cor- 
respond more closely to reality. Cf. op. cit., p. 193 n. 
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It follows that the degree of ionization is much lower than the calcula- 
tion made on the assumption of thermal equilibrium would indicate. 


7. DYNAMICS AND STABILITY OF THE CHROMOSPHERE’ 


We have still to discuss why the average velocity of the Ca~ 
atoms in the chromosphere (15 km/sec.) is considerably higher than 
the thermal velocity corresponding to the solar temperature. This 
discussion will lead us to considerations of stability. 

The lower boundary of the chromosphere should be determined 
by the fact that at a certain pressure collisions between the differ- 
ent particles begin to play an important part (condition I).3 On the 
other hand, however, according to Milne, the chromosphere can be 
supported only if the residual intensity in the middle of the Cat 
lines* has a certain value. Because of this, according to equations 
(9) and (4), the numerical value of NH/AX, is fixed (condition II). 
Conditions I and II permit a separation of the values of NH and 
A>, and these lead to a knowledge of the whole chromosphere. At 
the present time, however, it is not quite possible to carry through 
these ideas quantitatively. 

The necessity for a “turbulent”? motion of the chromosphere of 
an average velocity corresponding to the Doppler width has another 
interesting consequence. Since the entropy of the chromosphere 
cannot increase, in course of time these motions will tend to become 
equal and approach the value~ 1.7 km/sec., the thermal motion at 
the solar temperature. If, however, AX, becomes smaller than the 
assumed value, the total absorption will no longer be sufficient to 
support the chromosphere, which will therefore collapse. Then, 
however, the light-pressure will again expel atoms until the ‘normal 
state” is regained, when the play begins anew. In appearance, the 
chromosphere can never reach a stationary state, but will always be 
going up and down; in fact, spectroheliographic observations show 
that the chromosphere often looks like a “‘burning prairie.” The 
single flames seem to change rather rapidly. Our explanation thus 
leads to a steady transition between the normal chromosphere and 

t These considerations are merely a first attempt to explain the observations. 
Our very schematic ideas are evidently still too rough for giving a complete theory. 

2 Cf. esp. Milne, Monthly Notices, R.A.S., 86, 459, 1927. 


3 Cf. A. Unsold, loc. cit. 
4 The reference here and in the following is to a mean value for H; and K,. 
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the prominences which is very satisfactory from the viewpoint of 
spectroheliographic observations. The changes of brightness of the 
photosphere through changes in light-pressure will naturally also 
give rise to motions. 


8. THE DISTRIBUTION OF PRESSURE IN THE CHROMOSPHERE 


In a former paper’ the author has proposed a theory of the chro- 
mosphere different from Milne’s. However, as Milne’ and Ander- 
son} have shown, the assumption of constant light-pressure which 
was made in that paper was not justified. Moreover, as Milne 
has already assumed (and as was demonstrated in section 6), Saha’s 
formula cannot be applied to the chromosphere, since the condi- 
tions deviate very much from thermal equilibrium. 

Milne, on the other hand, has neglected in his theory the action 
of ionization. The dynamic equilibrium is regulated by changing 
the number of excited atoms. This assumption is justified, as may 
easily be seen, as long as the free path for recombination of Catt 
atoms with electrons is greater than the height of the chromosphere. 
According to an estimate by Milne,‘ this requirement is in general 
likely to be fulfilled. At very great heights it is possible that Catt 
atoms, a very small degree of ionization being sufficient, produce an 
apparent diminution of the coefficient 1—=light-pressure: gravita- 
tion, and hence a rather definite boundary for the chromosphere. 
The decrease of pressure with increasing height as derived in section 
5 of the present paper, in so far as order of magnitude is concerned, 
is in agreement with Milne’s theory. More cannot very well be ex- 
pected in the present state of affairs. 


In conclusion, I should like to express my heartiest thanks to 
Dr. St. John, Dr. Dunham, and Dr. Nicholson for much help and 
advice; and to Miss Louise Ware for her help in the photometric 
measurements. I am indebted furthermore to the International 
Education Board for giving me the opportunity to work at the 
Mount Wilson Observatory. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
January 1929 


* Zeitschrift fiir Physik, 44,793, S€C.7,1927. 3 Zeitschrift fiir Physik, 46, 445,1927. 
2 Op. cit., 88, 188, 1928. 4 Loc. cit., 88, 188, sec. 7, 1928. 
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ON THE PHYSICAL INTERPRETATION OF 
SPECTROHELIOGRAMS 


By ALBRECHT UNSOLD: 
ABSTRACT 


Introduction.—Short recapitulation of the observations. 

1. Radiative equilibrium in a stratified atmosphere with scattering and absorption.— 
The intensity of radiation emerging from such an atmosphere is calculated as a function 
of the coefficients of scattering and of absorption and of the temperatures of the differ- 
ent layers. 

2. Application of these theoretical considerations to calcium spectroheliograms.—It 
is shown how different parts of the lines are co-ordinated with different levels. Photo- 
metric measures of the distribution of intensity in the inner parts of the H and K lines 
are described. 

3. Hydrogen spectroheliograms.—A comparison of calcium and hydrogen spectro- 
heliograms shows that in disturbed regions of the sun the hydrogen atoms are probably 
affected through electric disturbances by other particles. 

4. In the Evershed effect and similar phenomena lines of the same multiplet seem to 
indicate different velocities. This observation can be explained on the basis of the 
theory developed in sections.1 and 2, supplemented by considerations on contrast 
effect. Experiments with artificial lines confirm this explanation. 


INTRODUCTION 


The spectroheliographic researches of G. E. Hale? and of H. 
Deslandres? led to the important result that spectroheliograms taken 
with the center of a Ca* line correspond to the highest calcium levels 
of the solar atmosphere, while pictures in the light of the wings of 
these lines represent layers whose depth increases with increasing 
distance from the center of the line. This interpretation was based 
on the general appearance of the pictures and has been confirmed 
by the observations of Adams‘ on the differences in the rotational 
velocities of the outer solar layers, and of St. John’ on the Evershed 
effect. The physical interpretation of these relations, however, re- 


Fellow of the International Education Board. 

2 Yerkes Observatory Publications, 3, 1903, and The Study of Stellar Evolution, 
Chicago, 1908. 

3 Annales de l’Observatoire de Paris-Meudon, 4, 1910. 

4 Mt. Wilson Contr., No. 33; Astrophysical Journal, 29, 110, 1909. 

5 Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 322, 1913. 
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mained in an unsatisfactory state. As long as pressures of several 
atmospheres were ascribed to the reversing layer, direct effects of 
pressure could be assumed, and in this way the wings of the lines 
could be attributed to the most “quenched” atoms of the deeper 
layers. Since the pressures in solar and stellar atmospheres have been 
shown by both observation" and general astrophysical considera- 
tions to be very low, this explanation is generally discarded today. 
After it was realized? that the H and K lines are produced mainly 
by resonance scattering, the following explanation might have been 
substituted: As the coefficient of scattering is considerably greater for 
the light of the middle of the line than for that of the wings, it might 
have been assumed that the spectroheliograph penetrates deeper 
into the solar atmosphere with the light of the wings than with the 
light of the center of the line, just as a photographic camera pene- 
trates farther into a hazy atmosphere with a red filter than without. 
This comparison, however, cannot be applied directly to the sun, 
for the exchange of radiation in the solar atmosphere is regulated in 
a manner wholly different from that in the terrestrial atmosphere. 
Furthermore, on the earth the objects to be seen are small compared 
with the dimensions of the atmosphere, while on the sun this is 
usually not the case. Moreover, it can easily be shown from known 
formulae that an increase of the density in a certain layer influences 
(in the case of pure resonance scattering) the different parts of a 
line in exactly the same manner. As the changes in the form of 
spectral lines important for us concern especially the middle of these 
lines, it is reasonable to assume that in the present problem atomic 
collisions play a decisive réle. To clarify the matter, we shall there- 
fore (sec. 1) first apply the theory of radiative equilibrium to a strati- 
fied atmosphere in which occur resonance scattering and collisions, 
the collisions producing absorption in the sense in which the term 
was used by Schwarzschild. These considerations lead to a satisfac- 
tory theory of spectroheliograms (sec. 2). In sections 3 and 4 we 
shall briefly treat the differences between calcium and hydrogen 
spectroheliograms, and, finally, discuss a curious observation con- 


*C. E. St. John and H. D. Babcock, Mt. Wilson Contr., No. 278; Astrophysical 
Journal, 60, 32, 1924. 


2 Cf., for instance, A. Unsild, Zeitschrift fiir Physik, 46, 765, 1928. 


174 


INTERPRETATION OF SPECTROHELIOGRAMS 3 


cerning currents in different solar layers which is connected with the 
considerations of section 1. 


I. RADIATIVE EQUILIBRIUM OF A STRATIFIED ATMOSPHERE 
WITH SCATTERING AND ABSORPTION™ 


We consider the following schematic solar atmosphere: 

Above the photosphere let there be, first, the layer I (reversing 
layer), with the scattering and absorption coefficients o:, and x, and 
the Kirchhoff-Planck function B,, all of which are assumed to be 
constant throughout this layer. For the sake of simplicity we 
consider the emission of the photosphere, J,, as independent of 
direction. Above this assume a second layer II, in which these 
quantities have the values o2, x., and B,. We shall later on identify 
this layer with the upper part of the reversing layer, or the chromo- 
sphere. 

In order to simplify the calculations, we assume furthermore the 
inward radiations, J; and J;, for layers I and IJ, respectively, and 
the outward, J, and J,, to be independent of direction. The differ- 
ential equations of radiative equilibrium have then the well-known 
Schwarzschild-Schuster form. Their solutions for layers I and II 
may therefore be taken from my earlier paper.’ 

We have for layer I: 


21, = KAT —w,)e—* +S, (‘ se Cae ‘ 
ay Gy 
+28,(1-0, SS) ) 
2 2 
th —u x1 pu (1) 
Tie Rrtole +5, How, an _ 
Ay ay 


eh@—e-& cute 
eee Clee 


2 


t The following calculations are very closely connected with the former paper: 
“Uber den Einfluss von Stéssen auf die Struktur der Fraunhoferschen Linien,” Pro- 
bleme der modernen Physik: Festschrift zum 60. Geburtstag von A. Sommerfeld, Leipzig, 
1928. The notations are essentially the same. Here we shall repeat only the most im- 
portant principles. 


2 Op. cit., equation (7). 
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and correspondingly for layer II: 


Ua. p— Us Ua e 4 
2h=Rilr—w)e-"-+S.(§ = fae a ) 
e Pra e7 e+ ee.” 
+2B,(1—w. Rega 1 as 
2 
Ua pa Ua —Ua 
2Mh=Ri(rtusem+5.(6 Soe en 


2 


Ua. p— ths Ua —Ua 
a(n 


The notation is the same as in the former paper. In formulae 
which are equally valid for layers I and II, the subscripts 1 and 2 
will be omitted. R and S are constants of integration, which will 


subsequently be determined. If we set = =) and t=2o0Xdepth, we 


have, as in the previous paper, u= V X(2+2) 1, a= V (2-42) , and 


ayia 

The boundary conditions which are necessary for the determina- 
tion of the four constants of integration can now be formulated as 
follows: 

A. At the outer boundary of the atmosphere the inward radia- 
tion disappears. 

B. At its inner boundary, layer I receives the radiation of the 
photosphere; that is, for #,=%r, a given large value (compare, how- 
ever, condition C), we have J,=1,. 

C. At the boundary between layers I and II, J,=J, and I{=J}. 
The depth u,=u,. corresponding to the upper boundary of layer I 
remains undetermined, since in the final equations 4, occurs in 
such relation to the constants of integration that only the difference 
Ux2—Uy has a physical meaning. 

Condition A, by means of equation (2), gives at once: 


Rita )as 36 ? (3) 


az 


To obtain the second boundary condition in a convenient form 
and to simplify the following calculations, we assume that the op- 


176 


INTERPRETATION OF SPECTROHELIOGRAMS 5 


tical depth of layer I is always >1, which means that we confine 
ourselves to following the changes of the broad H and K lines in the | 
neighborhood of their centers. Then we obtain, with the aid of (1): 


Dae (4) 


The boundary conditions (C), by means of (1) to (4), may now 
be written, the lower boundary of layer II being determined by w,: 


\ 
(1—w,) (R,—2B,)e—""+ 2B, =R, 2 cosh 2+ (+2) sinh 2, 


+2B,{1—w, sinh %—cosh u,} , () 
5 
(1-++o1)(Ri— 2B,)e~ + 2B, = —R, («.- - sinh w; 


W2 


-+2B,{1-+w, sinh w.—cosh u,} . 


By elimination of R,, the constant R, can be calculated. We find: 


RB 1 (1+ w:) cosh ut(wt%) sinh 2, t 
, We } (6) 
= 2(B,— B,)w,+ 2B2(w, cosh w+. sinh u) . | 
Now we are already at our goal, since by means of (2) we see 
that at the outer boundary of the atmosphere 


L=R,. (7) 


In other words, the constant of integration, R, itself gives direct- 
ly the average intensity of the observed radiation. Its distribution 
in direction we shall not treat. 


2. INTERPRETATION OF CALCIUM SPECTROHELIOGRAMS 


In order to obtain a physical interpretation of the calcium 
spectroheliograms, we must discuss in what way the shape of the 
line depends upon the constants w;, By and w., Bo. 

If we leave layer II out of consideration for the moment (w,= 
0), equation (6) gives for the residual] intensity of the primary ab- 
sorption line the value (for integrated radiation) 


R=R,=——; (8) 
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which was contained implicitly in the above-mentioned paper. If, 
however, u.>>1, that is, if the optical depth corresponding to the 
middle of our ‘‘secondary”’ line is still considerable, we have 


2B2W. 
Sar W; ] (9) 


which shows that the residual intensity then depends only on the 
uppermost layer. This means that, roughly speaking, the radiation 
of deeper layers cannot in an appreciable degree penetrate through 
this layer. However, if w.(<1, we can develop equation (6) in in- 
creasing powers of #, and obtain" 


R,= 


+= 
2(B,w,+ Brw.ttr) at 7o | pee ~ We Bw, (10) 


——— u. 
T--O.-1 (0.4 2*)u Ep smi! 
Ww, 

In this case the two lines are superposed and the upper layer 
gives only a comparatively small modification of the center of the 
line. 

For the Ca* lines our second assumption (#,<1) should come 
nearer to the truth. 

Let us assume now that, through deviations from equilibrium 
conditions in the lower layer I, the constant B,, or w,, or both to- 
gether, rise above their average values. Then R, will increase ac- 
cording to (8). The more we approach the center of the line, the 
greater will be the increase in brightness indicated by the spectro- 
heliograph. In the very schematic Figure 1 let the line a correspond 
to undisturbed conditions. Then line 0 will result from the described 
changes. For, as shown in the earlier paper, the intensity of the 
outermost part of the wings does not depend at all upon B, and 
w,, While the intensity of the intermediate and inner parts is deter- 
mined by these very factors. This effect is modified, however, as 
soon as the zone of the secondary line, originating in layer II, is 
entered. If the u, corresponding to the middle of this line is ))1, 

‘For B,=o and \.>0 we get from this formula at once the one (equation 2’) 


used in the preceding paper (Mt. Wilson Contr., No. 377; Astrophysical Journal, 69, 
209, 1920). 
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we shall, according to (9), have there no change at all. If <1, 
then according to (10) the effect will not increase in any case (cf. 
again Fig. 1, curve b). 

Just the reverse happens if we change the constants B, and w, 
of the upper layer, but leave unchanged those of the lower one. Then 
R,, and therefore the principal lines, naturally remain unmodified, 
while the secondary line changes according to (10). In Figure 1 
these modifications are represented in various degrees by curves ¢ 
and c’. 

We observe that the behavior of the whole line corresponds 
throughout to the spectroheliographic observations. The bright 


Fic. 1.—Schematic Contours 


parts correspond therefore to an increase either of the (approxi- 
mate) Kirchhoff function B, or of the activity of the collisions, w,. 

Since the optical depth of the higher Ca* layers is rather small, 
we must have u.<1. It follows from this, in accordance with the 
preceding considerations, that all the flocculi which are visible in 
the light of the wings appear also in the spectroheliograms taken 
with the center of the line. 

We have still to write down the theoretical conditions cor- 
responding to real emission (H., K.,) in the middle of the Ca* ab- 
sorption lines. Equation (10) shows that if the intensity in the line 
is to increase with the optical depth (toward the line-center), 


Wy 
aes _ Bw, ee ( ) 
I+w, Bro, a 
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That is, either w.>,, B.>B,, or both. The presence of emission 
lines is therefore connected with a reversal of the temperature- or 
pressure-gradient (w increases with pressure). 

From our discussion it appears that the preceding considerations 
on the relations of the different parts of the calcium lines are ap- 
plicable to both absorption and emission lines. 

To summarize, the theory of radiative equilibrium therefore leads 
to the following picture of the solar calcium atmosphere: The broad 
H, and K, lines originate at a depth where collisions play a part 
not to be neglected (as was shown previously, A; = 0.088 and a, = 
0.2). Above this comes a transition layer, in which, apparently, 
abnormally strong excitation by collisions takes place very easily. 
This excitation seems to be connected" with the very rapid change 
in density between reversing layer and chromosphere; besides this, 
the “aerodynamic” perturbations in the neighborhood of spots and 
faculae surely play an important réle. In the outer chromosphere, 
finally, collisions cannot be of any importance. A strong absorption 
(H;, K;) therefore corresponds to this layer. Quite generally, the 
innermost parts of a line correspond to the highest layers, the outer 
parts to deeper layers. The form of the outermost wings, in which, 
as previously shown, collisions are not of importance, is determined 
only by the number of atoms in the whole atmosphere. 

In order to get an idea of the quantitative side of the phenomena, 
two spectrograms of the integrated solar radiation taken November 
9, 1928, with the 75-foot spectrograph of the 150-foot tower tele- 
scope, without the objective, were measured photometrically. It was 
found that the maxima of the H, and K, lines rise only about 6 per 
cent above the brightness of the surrounding minima. The strong 
visual impression produced by these lines is much exaggerated by 
contrast effect. For the sun as a whole the average deviations from 
the state of equilibrium are therefore rather small; in the neighbor- 
hood of disturbed regions they are naturally much greater. The 
intensity in the middle of the H, and K, lines came out about 23 
per cent smaller than the intensity of the H, and K, maxima, in 
close agreement with measures in the light from the center of the 
solar disk. 

*Cfi. R. W. Gurney, Monthly Notices, R.A.S., 88, 377, 1928. 
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3. HYDROGEN SPECTROHELIOGRAMS 


As the well-known work of Hale and of Deslandres has shown, 
spectroheliograms taken with the hydrogen lines, especially Ha, give 
pictures which are essentially different from the calcium pictures." 
Photographs with the border of the Ha line usually show dark 
hydrogen flocculi, instead of bright flocculi. Photographs taken 
with the middle of the line show similarity to those obtained in 
H, or K, light, but the pictures are simpler. This anomalous be- 
havior of the hydrogen lines is not astonishing, as the contours of the 
undisturbed Balmer lines are very different from those of other lines 
and are therefore likely to have a different physical cause. As has 
already been assumed by various authors, electrical disturbances by 
neighboring particles—a kind of Stark effect—are likely to play the 
decisive réle. 

On the other hand, as Hale and Deslandres have pointed out, 
the difference between calcium and hydrogen flocculi arises from 
the fact that to an enhancement of the H, and K, emissions there 
always corresponds a broadening of the hydrogen lines, which in 
many cases is apparently connected with an increase of the central 
intensity. A series of Ha and H+K spectra taken in immediate 
succession in November, 1928, confirms the correlation between the 
width of Ha and the brightness of H, and K,. Photometric measures 
show, moreover, that Ha never becomes narrower than it is normal- 
ly, but only broader (in disturbed regions). The change in central 
intensity does not seem to be uniquely connected with the change of 
line width; but the spectroheliographic results do favor a rather 
strong correlation between the two phenomena. 

An explanation of the phenomena just described is as follows: 
As we have seen, the brightening of the H, and K, lines is caused by 
increased excitation by collisions. If we assume now, as is very 
plausible, that the active particles are charged electrically—in other 
words, that they are ions or free electrons—we can understand at 
once that, as in a condensed discharge, the hydrogen lines may be 
broadened by their electrical fields. In the inner part of the line, 
however, according to our general theory, the dependence of the 

1 Cf. the extremely interesting reproductions in the paper by H. Deslandres, al- 
ready cited, especially Plate 36dis. 
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coefficients of scattering and absorption on wave-length is rather 
unimportant; the middle of the line will therefore behave nearly in a 
normal way, as the observations indicate. The assumption that 
perturbed parts of the solar surface contain a considerable number of 
free charges is strongly favored by the existence of strong magnetic 
fields in the neighborhood of spots. 


4. EVERSHED EFFECT AND LIMB-CENTER DISPLACEMENTS 

After having cleared up theoretically the relations of the various 
zones of a spectral line to the stratification of the solar atmosphere, 
some remarks concerning a curious phenomenon connected with the 
currents of the solar atmosphere may be in order. 

According to the well-known observations of Evershed and of 
St. John, the velocity of the currents in the solar atmosphere in the 
neighborhood of spots (Evershed effect) and also the general cur- 
rents (limb-center displacements)’ show a marked dependence on 
the height above the photosphere. 

It seems, however, a perfect riddle that not only various atoms, 
but also lines of the same multiplet and other groups of lines, which 
originate in the same atomic level, indicate different velocities, so 
that strong (broad) lines may correspond to a higher level than weak 
(narrow) lines. This observation seems at first sight to contradict 
all atomic physics. We shall show, however, that the general results 
of section 2, connected with some elementary facts from physio- 
logical optics,” which naturally influence all such measurements, give 
at once an explanation. 

As we have seen, the core of a line corresponds, roughly speaking, 
to high layers, the outer parts to deep layers. 

On the other hand, the visual impression of a line, whether 
observed directly or on the photographic plate, depends not only 
on the true distribution of intensity, but is also strongly influenced 
by the effect of contrast. This in our case is approximately pro- 
portional to the second derivative of the intensity with respect to 
the longitudinal extension of the spectrum, as measured on the 
retina of the observing eye.? From this it follows that, other things 


* Our further considerations would still remain valid, even if these displacements 

are to be explained by something else than Doppler effect. 
a For the following cf. the paper by A. Kiihl, Physikalische Zeitschrift, 29, 1, 1928, 
which is extremely important for all such questions. Further references are given there. 
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being equal, the contrast effect for similar lines, that is, lines whose 
widths for every value of intensity are in a constant ratio, is in- 
versely proportional to the square of line width. The contrast effect 
for a broad line will therefore be rather unimportant, and in setting 
the cross-wire one will be likely to put it on the real minimum of the 
line. 

In the case of a narrow line, however, the ‘‘center”’ is determined 
primarily by the contrast effect, which is connected with the rapid 
change in the slope of the intensity-curve; the real intensity-distribu- 
tion plays a subordinate part. In this case the cross-wire will be set 
not on the real minimum but about halfway between the points of 
the most rapid change in intensity. 

If the various layers of the solar atmosphere have different 
velocities, the Fraunhofer lines will be somewhat asymmetrical,’ be- 
cause the minimum indicates the velocity of the highest layers, while 
the displacement of the outer parts of a line corresponds to deeper 
layers. From the previous considerations concerning physiological 
optics it is now apparent why measures of narrow lines give the 
velocity of deep layers, but broad lines the velocity of high layers, 
although the real displacements of the various parts of both lines 
are the same. 

In order to test this theory experiments with artificial asym- 
metrical lines were made as follows: Profiles of the lines, with a 
certain displacement of the minimum with respect to the middle of 
the wings, were drawn on paper. The areas within the lines were 
then blackened and fixed around a cylinder which could be rapidly 
rotated. This device affords a means of producing lines having any 
given distribution of intensity. Besides the lines themselves, refer- 
ence marks were also made on the drawing. In order to approach 
the circumstances of ordinary measurement as closely as possible, 
the whole arrangement was photographed. The pictures of the 
rotating cylinder seem to show a real spectral line. Two lines were 
made having the same displacement of the center relative to the 
wings, but with widths in the ratio of 3:1, about 0.6 and o.2 mm, 
respectively, on the plate. For measurements with a microscope of 
the usual magnifying power (about 15), the result in both cases was 


* Cf. also K. Burns and W. F. Meggers, Publications of the Allegheny Observatory, 
2, 105, IgIo. 
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that the settings were made on the real minimum. With low magnify- 
ing power, however, it was apparent that in the case of the broad line 
the eye still selected the real minimum, but in the case of the nar- 
row line, the settings were nearer to the middle between the wings. 
While in the first case the shifts, on an arbitrary scale, were 1.6 for 
both broad and narrow lines, they were in the second case 1.7 for the 
broad, but only 1.05 for the narrow line. Under the conditions of 
dispersion and magnifying power which occur in the measures 
of the solar spectrum here considered, it is likely that the limit be- 
tween the two kinds of setting, which naturally is not sharply de- 
fined, falls within the range of line widths appearing on the spectro- 
grams. The quantitative side of the phenomenon is likely to depend 
largely on the character of the plate and the kind of development 
used. For the conditions which prevailed in the experiments 
described and for the usual measuring microscope, the limiting line 
width on the plate would be of the order of 0.05-o.10 mm. Since, 
however, real spectral lines on plates taken for measurement for 
various reasons often look considerably blacker than those of the 
experiments, the limit may be shifted toward broader lines. The 
discrepancy between solar observations and the requirements of 
atomic physics, which at first sight appears so strange, thus finds 
a satisfactory explanation. Further observations concerning the 
problems here considered are naturally very desirable. 


The writer wishes to express his thanks to Dr. Charles E. St. 
John for much help and advice, and to the International Education 
Board for the opportunity of working at the Mount Wilson Observa- 
tory. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILSON OBSERVATORY 
January 1929 

* As J. W. Nicholson and T. R. Merton, Proceedings of the Royal Society, A, 98, 
261, 1920, have pointed out, the finite resolving power of the spectrograph acts in the 
same direction. 
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ON THE THERMAL EXCITATION OF ATOMS 
-IN THE REVERSING LAYER OF THE SUN 


By ALBRECHT UNSOLD 


ABSTRACT 


1. Adams and Russell have shown that the distribution of atoms in higher quan- 
tum states does not in general agree with Boltzmann’s law. 

2. In order to test Boltzmann’s relation for a single star, the number of atoms 
multiplied by the corresponding oscillatory power, f, for two states of the same atom 
may be determined by the /ine-contour method. The unknown f’s can be eliminated by 
using two similar atoms, for instance, Cat+ and Bat, which may be assumed to have 
practically the same transition probabilities. 

3. Photometric measures of the infra-red 32D —4?P lines of Cat and of the corre- 
sponding Ba+ lines are described. The effect of the finite resolving power of the grating 
is investigated. 

4. Discussion of the observations indicates that for excitation potentials up to 1.7 
volts Boltzmann’s relation holds within the accuracy of measurement. For the ratio of 
the oscillatory powers fopr/fsp the value 0.2-0.25 is obtained. 

5. An upper limit for the transition probability of the forbidden Ca+ lines 425—3?D 
is derived. The lifetime of the metastable 37D state must be > 10-? sec. 


I. INTRODUCTION 


Former investigations of thermal excitation and ionization" have 
mostly assumed tacitly that the formulae of Boltzmann and Saha, 
derived on the assumption of thermal equilibrium, could be applied 
with sufficient accuracy to a stellar atmosphere. 

A closer investigation by Adams and Russell? showed, however, 
that the percentage of highly excited atomic states is much greater 
in cool stars, compared with that in hotter stars, than would be 
expected from Boltzmann’s formula. In order to derive stellar tem- 
peratures in a purely spectroscopic way, Adams and Russell made 
the assumption that the above mentioned deviations are due to the 
highly excited atoms alone, while in the limiting case of very low 
excitation potentials the Boltzmann formula should remain valid. 

In the present paper the thermal excitation of atoms will be in- 

«Cf. the report of Cecilia H. Payne, Stellar Atmospheres, Harvard Observatory 
Monographs, No. 1, Cambridge, 1925. 


2 Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 9, 1928; also M. Min- 
naert, Observatory, 51, 347, 1928. 
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vestigated for one definite star, namely, the sun, by the method of 
quantitative spectral analysis developed in an earlier paper.* It 
will be shown that for excitation potentials below 1.7 volts the ob- 
servations agree with Boltzmann’s formula within the accuracy of 
measurement and that the assumption of Adams and Russell is 
therefore justified. As a by-product it is found that the transition 
probability of the infra-red lines of Ca* and of the corresponding 
Ba* lines agrees in order of magnitude with a calculation made by 
A. Zwaan? on the basis of quantum mechanics. 


2. THEORETICAL RELATIONS 


By photometric measures of the contours of a Fraunhofer line it 
is possible to determine NV, the number of atoms in the state of excita- 
tion under consideration which 
lie above 1 sq. cm of the photo- 
sphere, multiplied by the “‘os- 
cillatory power” of this line. 
As it has been possible thus far 
to apply this method only to 
resonance lines, we choose for 
investigation groups of lines 
which approach the resonance 
character as closely as possible, 
namely, the H and K lines 
(’S—4?P) and the infra-red 
group (37D—4’?P) of Cat, on 
the one hand, and, on the other, 
the corresponding lines of the 
Ba* spectrum (cf. Fig. 1). By 
photometric measures we can determine the “effective numbers of 
atoms,’ Vsfsp and Npfpp, for Ca* and Bat, where fsp and fpp refer 
to the whole multiplet. 


STATISTICAL 
WEIGHT 


Fic. 1 


t Zeitschrift fiir Physik, 46, 765, 1928. 
2 Die Naturwissenschaften, 17, 121, 19209. 


3 In terms of E. A. Milne’s new model of a stellar atmosphere (Monthly Notices, 
R.A.S., 89, 3, 1928), we should say “above an optical depth 7) 0.5.” 
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Further, by assuming thermal equilibrium, the ratio of these 
numbers is given by the Boltzmann relation: 
_11,600 
Nofpp II pp T (x) 
—— F , I 
Nsfsp  sfsp 


where gs=2 and gp=1o are the statistical weights of the S and D 
terms, T the solar temperature, and £ the excitation potential, 
2S —?D, measured in volts. 

If the ratio of the f’s were known a priori with sufficient accuracy, 
this relation could be subjected directly to an experimental test. 
However, as this is not the case, it seems best to compare two atoms 
having a similar term system but different values of E. We can then 
assume that the ratio of the f’s is the same for both. For this reason 
we use the Bat lines which are perfectly analogous to the Ca* lines 
mentioned. If now we apply equation (1) to the Ca* and Ba* atoms 
and take the ratio of the left-hand members, the q’s and f’s on the 
right side drop out (the q’s exactly, the f’s only approximately), and 
we obtain 


11,600 


(52722) (Gaz) por (Eo,+—E,,+) (2) 
NsIsp Cot NsSsp Bat 


This equation may now be compared directly with the observations, 
as all the quantities on the left-hand side can be determined spectro- 
photometrically. Having verified equation (2), we may use equa- 
tion (1) to derive the ratio fsp/fpp from astrophysical observations. 


3. OBSERVATIONS OF THE *D—?P MULTIPLETS OF Ca* AND Bat 


As observations of the *S—?P doublets are already available, 
we need not treat these in detail. For convenience the results are 
repeated in Table I. The observations of the 7D —?P lines were made 
by exactly the same method? with the 75-foot spectrograph of the 
150-foot tower-telescope. 

a) The infra-red Ca* lines—For the spectra of the infra-red 


t A. Unsdld, loc. cit. 
2 Ibid. and Mt. Wilson Contr., No. 377; Astrophysical Journal, 69, 209, 1929. 
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Cat lines near 8500 A, Eastman neocyanine plates were used 
which had been hypersensitized with ammonia. In order to avoid 
prohibitively long exposures and to compensate to some extent for 
the steep gradation of the sensitized plates, they were developed with 
“Eastman Threshold’ developer. All plates were taken in the first 
order of the grating. In order to exclude the superposed violet second 


TABLE I 
EI. in LAU. Classification S/fsp Ns sp 
OL a erat Aeron ca 39033 .684 42S — 4?P 3/2 2/3 | Miva 
3008 .494 4°S—42Pr/2 sp /o eh a i 
IBGAes See ee ea 4554.038 6?S—6?P3/2 Bes. eo 
4934-040 67S — 67Px /2 1/3 


order and stray light, a Wratten filter No. 87 was used. The ex- 
posure times were of the order of five hours. 

To get some idea of the accuracy of the measures, the three lines 
were evaluated separately. The numbers of atoms thus determined 
should agree. Table II gives in the first three columns the data con- 
cerning the lines, and in the fourth column, the value of f determined 
from the Burger-Dorgelo summation rules, referred to fpp as unit. 


TABLE II 
El. | Ain LA.U. Classification S/for Nfpp 
8498 .060 37D3/2—47P3/2 0.0667 ©0.465+10% 
Can ae eres Sees Ree 8542 .132 37Ds/2—47D3/2 ©.600 ©.425-10%8 
8662.170 3?D3/2—4?Px/2 0.333 ©.462:10%8 


eebicged nla lace'| tered oy 2.2 ee Beare Aol) PRR ROP COMO Me I he nc ene aS © 45:'10'8 


The last column, finally, gives the individual and the mean results 
for Nfpp. The mutual agreement is quite satisfactory. 

b) The Bat 5°D—6P lines, \d 5853, 6141, 6496.—As these 
lines are rather narrow, spectra were taken in the first and third 
orders of the 75-foot spectrograph. Ilford Special Rapid Panchro- 
matic plates were used. To obtain a favorable blackening curve, 
developing was done with Agfa Rodinal 1:20. WN for was again 
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evaluated separately for each line and for the two orders of the 
grating. 

In calculating the f’s it was necessary to take into account the 
fact that this multiplet can no longer be considered as ‘‘narrow.”’ 
The well-known rules apply strictly to the values of fA. The results 
are given in Table III. The table shows that the weakest line always 
gives too great a value for Nfpp; moreover, this effect is more pro- 
nounced on the first-order plates than it is on those of the third order. 
This indicates that instrumental influences produce a considerable 
broadening in the case of the line \ 5853. An elementary considera- 
tion shows that the resolving power of the Michelson grating used 


TABLE III 


Nfpp 


EL. Aw LAU. CLASSIFICATION T/for 
First Order Third Order 


5853 .091 57D3/2—67P3/2 OLO7a 3.6:10%5 2.0 *1o%s 
VEN) aa Ee 6141 .733 5?D5/2—67P3/2 0.609 1.010% | 0.97°10%S 
6496 .g16 52D3/2—67Px/2 0.320 I.2*105 | 0.88-10%5 

UV coca Nerg rear eel cttinee ra escaverelronn | crores cusee Suse micAa iene. e |'clarete wanes I.0° 10'S 


is not sufficient to give the true contour of this line. The resolving 
power in the first order is ~ 77,500. Near \ 5853 this corresponds 
to a ‘‘separating power” of 0.075 A. On the other hand, the width 
of the line on the third-order plates, measured at an intensity equal 
to 80 per cent of the continuous spectrum, is only 0.093 A. It is 
therefore not astonishing that this line is considerably distorted. 
In forming the mean value in Table III the line \ 5853 has accord- 
ingly been ignored. The other two lines, which are considerably 
wider, should be little affected by instrumental influences. J. A. 
Carroll? has shown recently how the disturbing influence of the grat- 
ing may be allowed for theoretically. It seems doubtful, however, 
how far these calculations can be applied to an actual grating. 

«Cf. the paper of L. S. Ornstein, M. Coelingh, and J. G. Eymers, Zeitschrift fiir 
Physik, 44, 653, 1927, which verifies this generalized rule for some Bat multiplets. 

2 Monthly Notices, R.A.S., 88, 154, 1927. 
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4. DISCUSSION OF THE OBSERVATIONS 


According to the measures described in section 3, 


Nofor\ _0.45+10" 
Gee 


Nfep So aa ) 
ee 21.0" 107 ae 
Net pipet Ack oe 


The corresponding excitation potentials are 1.69 volts for Cat, 
4’?S—37D, and 0.65 volts for Bat, 6S—5’D. If now we assume 
that the ratio fpp/fsp is the same for Cat and Ba*,.we find from 
equation (1) 


log ( 3 ue) Pine tos for Tat ee Rr fe, 


Nsfsp J sp ff 
; 5040 (3) 
=0.699+ loge PP — 594° Fe 
99 5 hep Th 


In Figure 2, logy. (Nofpp/Nsfsp) is plotted as a function of EF. 
The inclination of the dotted line is drawn on the basis of a solar 
temperature of 5o40°. As may be seen, the agreement with the 
experimental values is within the accuracy of measurement. On 
the other hand, we may use the inclination of the line connecting the 
two experimental points (full line in Fig. 2) in order to derive, with 
the aid of equation (2), the solar temperature. The result is T= 
4700. As a comparison of the two straight lines in Figure 2 in- 
dicates, the uncertainty of this value is considerable. It may be 
seen at once, however, that deviations from Boltzmann’s formula 
must be much smaller in the cases investigated here than Adams and 
Russell found them to be in the case of high-excitation potentials. 
Unfortunately, the solar spectrum shows no high-excitation lines 
to which our present method can be applied. The points at which 
the straight lines in Figure 2 intersect the axis of ordinates give, 
according to equation (3), the ratio of the oscillatory powers fpp/fsp. 
The line drawn on the assumption of a temperature of 5040° gives 
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for/fsp=0.2; the purely empirical line ([=4700°) gives fpp/fsp= 
0.25. On the other hand, A. Zwaan!’ has recently calculated the 
transition probabilities of Ca* lines according to quantum me- 
chanics, using a simplified atomic model with a suitably chosen po- 
tential field of spherical symmetry. He finds fpp=o.0o9 and fsp= 


1.08, whence fpp/fsp =0.083. The agreement of the theoretical and 
experimental values must be considered satisfactory in view of the 
simplifying assumptions which are necessary in order to carry 
through the very long quantum-mechanical calculation of transi- 
tion probabilities. It would be very interesting to test the value 
deduced from astrophysical observations by laboratory measures, 
for instance, by the method of anomalous dispersion. 


t Loc. cit. 
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5. ESTIMATION OF THE TRANSITION PROBABILITY FOR THE 
FORBIDDEN LINES" 47S — 37D3/2, 5/2 OF THE Cat ATOM 
(AX 7291.40 AND 7323.89) 

The results obtained in this and in a preceding paper? on the 
effective numbers of atoms Nf necessary for the production of vari- 
ous lines allow us to estimate an upper limit for the transition prob- 
abilities of these forbidden Ca* lines. 

As may be seen from the revision of Rowland’s table,’ no 
absorption lines corresponding closely to the forbidden transitions 
are visible in the solar spectrum. For these forbidden lines, there- 
fore, we must have Vf< 10%, since the Ba* line \ 5853 with Nfo 
7-10%, for example, is still quite strong. On the other hand, Table I 
shows that for the Ca* resonance lines, which originate from the 
same term, Vf=2.3-10". The oscillatory power of the forbidden 
lines must therefore be< 107°, and the “‘lifetime” of the metastable 
7D term at least >107 sec., a value which agrees well with other 
estimates.‘ 


I desire to express my heartiest thanks to Professor Russell for 
his kind interest in this paper. The work in the infra-red could not 
have been carried through without help and advice from Mr. Bab- 
cock, to whom I am deeply indebted. Finally, I am greatly obliged 
to the International Education Board for giving me the opportunity 
to work at the Mount Wilson Observatory. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILson OBSERVATORY 
March 1929 


‘I. S. Bowen and D. H. Menzel, Publications of the Astronomical Society of the 
Pacific, 40, 332, 1928. 
2 Loc. tt. 


3 Revision of Rowland’s Preliminary Table of Solar Spectrum Wave-Lengths, 
Carnegie Institution of Washington Publication, No. 396, 1928. 


41. S. Bowen and D. H. Menzel, loc. cit. 
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ENERGY SPECTRA OF THE STARS 
BraCaGeABEOT 


ABSTRACT 

A sensitive radiometer.—F ragments of flies’ wings are used as vanes, and the excep- 
tionally light suspension is sealed into a fused-quartz tube, optically figured opposite the 
vanes and mirror and jilled with hydrogen at o.23-mm pressure. The description in- 
cludes various data regarding the weights, moments of inertia, advantages of hydrogen 
as compared with air, and sensitiveness of the apparatus. 

Radiometric observations of stars —The instrument was used to measure the distri- 
bution of energy in stellar spectra formed by a 60° flint-glass prism at the coudé focus 
of the Mount Wilson 1oo-inch telescope. The deflections were observed at a scale dis- 
tance of 6 m by a special reading device, with a probable error of 2"8 in the rotation of 
the suspension. This figure includes errors of reading and those due to all other acci- 
dental causes. Spectral energy-curves for eighteen stars and two planets were observed, 
sometimes on two or three nights. The faintest star measured is of mag. 3.8. Acom- 
parison of the results with those obtained by the author in 1923 witha larger radiometer 
shows, in general, an agreement as good as could be expected from the accuracy of 
the observations. 

In the year 1923, with a radiometer prepared for me by the late 
Dr. E. F. Nichols and his colleague, Dr. J. D. Tear, I measured rela- 
tively the intensities in spectra of the sun and nine very bright stars 
of various types, whose radiation was collected by the t1oo-inch 
telescope of the Mount Wilson Observatory.' Obviously it is de- 
sirable to measure a considerable number of specimens of each type 
of stellar spectrum, but, in order to do so, it appeared necessary to 
secure either greater sensitiveness or less accidental disturbance of 
the record. 

The radiometer system employed in 1923 had vanes of mica, 
o.5 mm wide by 1.5 mm high, separated 2.5 mm between centers, 
and the stem carried a mirror of fair dimensions, suitable to telescope 
and scale observation. It occurred to me that a very much lighter 
system might show increased sensitiveness. In 1926, I therefore con- 
structed a system with vanes consisting of houseflies’ wings sepa- 
rated by only 1 mm, and with a mirror of microscope cover-glass 
only 1 mm square. On trial, this system showed very high sensitive- 


ness, but was so excessively damped at the air pressure best suited 
* Mt. Wilson Contr., No. 280; Astrophysical Journal, 60, 87,1924. 
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to the radiometer effect as to be quite useless. Dr. Anderson sug- 
gested that hydrogen might be an advantageous substitute for air. 

Accordingly, in 1927, I made up two very light systems, one 
with 1.2 mm, the other with 2.0 mm between vane centers, each 
with vanes approximately o.4 mm wide and 1.0 mm high. I made, 
also, bolometric strips which were used with them in the following 
manner. Three parallel test-tubes were joined by tubes, so that 
all three could be evacuated and filled together to any desired pres- 
sure with air or gas. In two tubes were sealed the radiometer sys- 
tems, suspended on fine quartz fibers, and in the third were sealed 


TABLE I 


CoMPARATIVE RESULTS, AUGUST 5, 1927 


INSTRUMENT SMALLER SYSTEM LARGER SYSTEM ee 
Deflections of Deflections of 
Time |Successive Swings,| Time | Successive Swings, Deflecs 
Pressure Gas . First mm eg First mm Ro 
mm Hg Swing, |= a Swing, ui 
Seconds Seconds oa 
1st ad 3d 1st ad 3d 
fen Ae iss SO hy ae irae ae H, Te25) LOZ S2ulessulesao TOS) || 50s) 1324 0s 
Onl Qiao not: ere eit Air PRON oz \2on | eaoe | eAao siskoy | fo} | <oy || ne. 
O26 ners sees H, 3 faye) I) oly Wein fl ey an eA WW Bis 7 | 36.8 
Oro pean race oe Air 2.0) | 98 || 25 7141-2 ((P)h| LOM Ne Onn COMmOORA 


the bolometer strips. Having been charged to a desired gas pres- 
sure, the instruments were exposed to a beam of light of nearly 
constant intensity. The deflection and the time of swing of each 
radiometer were observed when one of its vanes was illuminated. 
Also the deflection of a connected galvanometer was observed when 
one bolometer strip was exposed to the beam. By changing the pres- 
sure and the kind of gas, two series of measures were obtained in this 
manner, one for hydrogen, the other for air. These showed two kinds 
of results: from the bolometric deflections, the relative rise of temper- 
ature of blackened surfaces within the competing gases; and from 
the deflections of the suspended vanes, the comparative behavior of 
the two gases as regards radiometer effect and damping effect. 
Table I shows some of the results near optimum pressures. 

For these light systems it thus appears that, although hydrogen 
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is somewhat less efficient than air as regards rise of temperature of 
the blackened surface, the loss of efficiency is not so great as to off- 
set the advantage of the very decided decrease in damping. It 
seemed evident that if the quartz fiber of a hydrogen-surrounded 
radiometer should be thinned until the time of swing matched that 
_of a similar air-surrounded radiometer of 1o-second single swing, 
the deflection of the hydrogen-surrounded instrument would be 
much the greater. Subsequent experiments demonstrated that for 
a system of the same dimensions as the smaller one, the deflections 
in hydrogen at 0.23-mm pressure for single swings between 0.5—2.5 
seconds were almost exactly proportional to the square of the time 
of swing. At 2.5 seconds, the vane was far from critical damping. 
This leads to the expectation that such a system would show a de- 
cided gain in deflections from 2.5 up to ro seconds single swing— 
probably not sixteen fold, corresponding to the square of the time 
of swing, but perhaps tenfold. 

Anticipating the success of hydrogen as a substitute for air, I 
had obtained, by the kindness of Director Burgess, of the Bureau of 
Standards, and the skill of Mr. Sperling, of the Bureau, a special 
pyrex glass tube with optically figured windows. In this tube Mr. 
A. Kramer, instrument-maker of the Smithsonian Astrophysical Ob- 
servatory, had arranged a mechanism operated by a magnetic de- 
vice from without. It was expected that when the tube had been 
filled to the proper hydrogen pressure and hermetically sealed, the 
vanes and mirror could be turned by magnetic influence to a proper 
orientation with respect to the windows. On trial, however, this 
device failed, because the rotation of the mechanism set up currents 
in the gas which so irregularly displaced the radiometer system that 
it was quite impossible to set it at a proper angle for observing. 

In 1928, at the suggestion of Director W. S. Adams, of the Mount 
Wilson Observatory, a simpler plan was adopted. A fused-quartz 
tube, about 4 cm in diameter, was made to my order by the General 
Electric Company. In its middle section it was figured within and 
without to concentric circular curvature by Mr. Kinney, of the 
optical shop of the Observatory. This tube was exhausted to o.0001- 
mm pressure through a liquid-air trap, washed out repeatedly with 
electrolytic hydrogen, filled to o.23-mm pressure therewith, and 
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sealed up with the suspended radiometer inclosed. In this work, 
which had to be done on Mount Wilson, I was greatly assisted by 
Mr. Pompeo, whose skill in working quartz and glass is very great. 

Since the quartz tube was optically figured and of excellent 
clearness, it made no difference how the mirror and vanes were 
oriented. It was only necessary to support the tube from a ground- 
joint in a brass case in order that the whole tube containing the 
radiometer system might be rotated until the mirror looked out 
through the window of the brass case toward any desired part of the 
reading scale. A quartz window was employed opposite the vanes, 
so that, if desired, the experiments might be made with very short 
wave ultra-violet, or very long wave infra-red stellar. radiation. In 
the experiments of 1928, however, a flint-glass prism was employed, 
and generally the spectral range was only from about 0.5 to about 
2.5 microns. 

A quartz fiber, so fine as to be handled with extreme difficulty, 
was used as a suspension. The vanes of the radiometer system were 
0.4 mm wide and 1.0 mm tall, and but 1.2 mm between centers. 
Each vane had three parallel laminae of houseflies’ wings, of which 
the front one was painted dead black, the two rear ones being un- 
painted. The laminae were separated by spaces of about o.1 mm, in 
order that the communication of heat from front to back would be 
greatly impeded. The mirror, 0.9 by 1.0 mm and situated about 3 cm 
above the vanes, was made of microscope cover-glass which had been 
ground and polished to about half the usual thickness and platinized 
on both sides by sputtering. The whole system, including vanes, 
glass stem, and mirror, weighed 0.94 mg. 

Some notion of the excessive fineness of the quartz fiber, 10 cm 
long, may be had from the fact that when suspended in full atmos- 
pheric air pressure, forty-four complete turns of the top support 
were made before the suspended system began to rotate in response. 
The air, in other words, acted as if viscous, like tar, although the 
vanes were so small and near together that very slight force must 
suffice to rotate them. 

The following are details relating to weights and moments of 
inertia of the radiometer parts. The weight of 22 flies’ wings, ap- 
proximating 200 sq. mm in area, was 1.7 mg. After blackening, 8 
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flies’ wings having an area of approximately 70 sq. mm weighed 
3.1 mg. Hence the weights of the four fragments of unblackened 
flies’ wings which were used were negligible compared to the two 
fragments of blackened wings. The moment of inertia of the fly- 
wing vanes as actually cut and mounted is 132 X 107° g. cm’. 

After grinding, polishing, and platinizing, the mirror glass 
weighed 0.20 mg per square millimeter. The moment of inertia of 
the mirror used, 0.9 X1.0 mm, is 121 X10~° g.cm?. The glass cross- 
rod weighs 0.023 mg, and its moment of inertia is 37 X10~° g. cm?. 
Compared to these, the moments of inertia of the vertical glass stem 
and wax used are negligible. 

Hence, the total amount of inertia is 290X107 g.cm?, nearly 
equally divided between the vanes and the non-deflective parts. 

The total weights are as follows: 


WAN GSe react eet epee or yarn 0.035 mg 
IN Bis fo} 7, Seettuencan cree ie eo OI 180 
(GTOSS=rOU ioe test ok penne here, 023 
Wisin Kcr ee ore ese ee ea are ©. 700 

EDO Cal aM Weer Stan 0.938 


The glass parts were cemented together with minute quantities 
of shellac from which all alcohol had been evaporated by heat and 
reduced pressure. The vanes and mirror were cemented on with 
minute quantities of beeswax. Since there was some doubt as to 
whether beeswax would evaporate sufficiently to contaminate the 
hydrogen within a moderate time, an area of 1400 sq. mm of mica 
was coated with beeswax on August 24, 1926, and weighed after 
standing a half-hour under a bell-jar with phosphorus pentoxide. 
After a similar drying on October 30, the weight appeared un- 
changed, and on June 21, 1927, there appeared to be a loss of weight 
of o.2 mg. Throughout this period the temperature of the beeswax 
considerably exceeded that to which it would be subjected on Mount 
Wilson. When the times, areas, and temperatures involved are taken 
into consideration, the evaporation appears to be negligible, even 
compared to the weight of hydrogen in the containing case. 

During the exhaustion and filling of the quartz tube, rough tests 
indicated that the system would have a single swing of about 12 
seconds. But when the tube was inserted in its brass case it was as- 
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tonishing to find that the time of single swing was only 0.5 second. 
When the apparatus was left over night, the time of swing increased 
to nearly 2 seconds. After a week’s rest it appeared again to be 
above to seconds. It was then found necessary, however, to remove 
the tube to clean finger-marks from the quartz surfaces. On reas- 
sembling, it was found that the time of single swing had diminished 
to 1 second. On the assumption that electrical charge, due to fric- 
tion, was the cause of the controlling field, sufficient water was in- 
troduced to saturate the air of the outer case. The apparatus was 
untouched for more than a week afterward before trying it for the 
first time on stellar spectra. But the time of swing rose only to 1.5 


Frc. 1.—Set-up for test of sensitiveness: a, candle; ), silvered mirror; c, glass lens; 
d, quartz plate; e, quartz tube; /f’, radiometric vanes. 


seconds. After a further interval of nearly three weeks before a sec- 
ond trial, the time of swing remained 1.5 seconds. I still think, how- 
ever, that the cause of this unduly quick action is electrostatic, and 
hope that before another trial is made the instrument will recover 
its longer time of swing and high sensitiveness. 

The following test, with the set-up shown in Figure 1, was made 
to measure the sensitiveness of the radiometer as actually used with 
a single swing of 1.5 seconds. The radiometer was exposed to rays 
from a candle, a, at 2.4 m distance, reflected at 45° by a silvered 
glass mirror, b, through a crown-glass lens, c, of 3-mm thickness and 
3-7-sq. mm aperture, and thence through two quartz plates, d, each 
of 3-mm thickness, to focus on a radiometer vane, ff’. Since this was 
only about two-thirds as tall as the candle-flame image, there was a 
large loss of radiation. Under these circumstances a deflection of 
So mm was produced on a scale at 40 cm distance when the image 
of the flame was shifted from one vane to the other, just as in 
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actual practice with stellar spectra. During observations on stars, 
the scale distance was 6 m instead of 40 cm, thus giving fifteen fold 
greater sensitiveness than during the tests. Had the desired time of 
single swing of 10 seconds or more been available, the sensitiveness 
would, I believe, have been further increased nearly twenty fold. 
A rough test made with the candle source on the only day when the 


Fic. 2.—Diagram of stellar spectral set-up 


time of swing exceeded to seconds showed a deflection on the scale 
at 40 cm which was evidently several times as great as the entire 
length of the 200-mm scale. Whether this increased sensitiveness 
would have produced a very great gain in accuracy of the results 
I am not prepared to say, for no doubt the accidental errors of read- 
ing would have increased with a longer time of swing and greater 
sensitiveness. 

The optical system employed is shown diagrammatically in Fig- 
ures 2 and 3. Rays reflected by the too-inch telescope mirror A 
came nearly to a focus at the top of the telescope tube. Thence they 
were reflected down the tube by a convex mirror B, and thence by 
a plane mirror C, southward down the hollow telescope axis converg- 
ing toward the coudé focus at D. At that focus was placed a circular 
variable aperture, about 3 mm in diameter at maximum, through 
which the rays diverged for a distance of about 16 m to fill a con- 
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cave mirror E, of so-cm aperture and 1-m principal focus, situated 
near the floor of the constant-temperature room. Thence they were 
reflected back to a 10-cm convex mirror F, near the conjugate focus. 
By this small mirror the rays were rendered parallel and reflected 
southward and downward through a hole in the center of the 
s5o-cm mirror to pass, at approximately minimum deviation, through 
a 60° flint-glass prism G, with faces 13 cm wide and 17 cm long, 


Fic. 3.—Means of forming the spectrum and of observing deflections 


whose refracting edge lay horizontally. Beyond this and attached 
to the prism, was a plane mirror H, which reflected the rays nearly 
vertically downward to a concave mirror I of 45-cm focus. From 
this mirror they were reflected vertically upward to a small plane 
mirror near the focus, and thence horizontally southward to the 
focus of the spectrum on the vane of the radiometer at J. 

With the arrangement described, the spectrum was vertical. In 
order to make readings at different points in the spectrum, means 
were provided for rotating the prism and its attached plane mirror 
about a horizontal axis. Whenever the 3-mm circular diaphragm 
at the coudé focus of the great telescope was filled with light, the 
width of the spectrum at the radiometer was about o.4 mm and 
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equal to the width of the radiometer vanes. For many of the stellar 
observations, the diameters of the star images were so small that 
the spectral width observed hardly exceeded half the width of the 
radiometer vanes. With Mars and Jupiter, the images were so large 
that only a small central part of their rays passed through the dia- 
phragm. The vertical extension of the spectrum was about 30 mm, 
between wave-lengths 0.48 and 2.00 microns. Thus, for any single 
setting, the radiometer vanes t mm high subtended about one- 
thirtieth of the average extension of the observed spectrum. Means 
were provided for horizontally displacing the spectrum at pleasure, 
from one vane to the other, and the deflections observed in the 
stellar spectra all corresponded to such displacements. 

It is unfortunate that the rays suffered losses of intensity at so 
many reflecting surfaces, including eight silvered mirrors, two prism 
faces, and the four faces of the two quartz plates traversed by the 
beam. These losses differed, of course, for different wave-lengths. 
For the yellow rays the total loss may have been approximately 75 
per cent, and for green or blue rays was still more. Owing to the 
impossibility of making these delicate stellar-spectrum energy ob- 
servations with the radiometer, except under conditions of great 
freedom from vibration and of nearly constant temperature, it is 
difficult to see how these large losses of energy could have been much 
reduced. Were it possible to observe the energy of stellar spectra 
with the thermopile near the direct focus of the telescope mirror, 
as Pettit and Nicholson observe total stellar radiation, about half 
of these losses could be avoided. 

The success of the experiments depended on the means used for 
observing the deflections. These are indicated by Figures 3 and 4. 
A 100-watt incandescent lamp with ring-shaped filament sent a tiny 
ray through several diaphragms and through a long-focus lens to 
illuminate the mirror of the radiometer, about 5 m distant. Owing 
to the shape of the constant-temperature room, the beam, both in 
approaching and receding from the radiometer, had to be turned 
through 90° by small mirrors. The spot of light fell upon a long 
horizontal cylindric lens, 6 m distant from the radiometer, and 
beyond it, upon a ground glass, not marked in any way. A fairly 
bright blur of light, nearly circular in form and about 1 cm in di- 
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ameter, was thus produced. Behind the ground glass was a little 
movable frame, operated at pleasure by a screw or by hand displace- 
ment, which carried opposite the spot of light a bit of cork cut so 
that when placed centrally it obscured all but a thin halo of light. 
Below the ground glass was a scale of equal parts ruled on the 
ground-glass base-side of a long 45° prism of glass, which could be 
illuminated from beneath by total reflection at the hypotenuse of 
the prism. A cross-wire, carried by the movable frame, indicated 
on the illuminated scale the number of whole turns of the screw cor- 
responding to a given setting. A divided head of ground glass which 
could also be illuminated indicated the hundredths of a turn of the 
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Fic. 4.—Special scale for reading deflections: a, plain ground glass; }, sliding 
frame; c, cork occulter; d, cross-hair; e, triangular glass scale of screw divisions; f, 
ground-glass divided screw-head; g, #, lamps for scales; 7, switch. 


* 


screw. As the pitch of the screw was 3 mm, the settings could readily 
be observed to 0.03 mm, and by estimation of tenths, to 0.003 mm, 
if desired. 

The method of reading deflections will now be apparent. By a 
photometric comparison of the total light on the right and left of the 
occulting cork, the observer, working in almost total darkness, made 
the setting. Then by pressing a button the scales were momentarily 
illuminated and the accurate readings were made. As will appear 
from the tabular values, the average probable error of a single read- 
ing was only 0.06 mm, including not only the errors of a single set- 
ting but also those displacements produced by changes of trans- 
parency of the air, “boiling” of the star image, and unsteadiness of 
the radiometer. 

Director W. S. Adams very greatly aided me on all three nights 
of observation by finding the stars at the coudé focus and recording 
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all observations. Night assistants Bebee and Nelson kept the stars 
accurately in the field, and to them also my thanks are due. 

Table II gives a list of the objects, in order of their spectral type, 
observed in the year 1928, and notes on the conditions of observa- 
tion. Figure 5 shows curves representing the energy distributions 
found in the prismatic spectrum. For convenience in plotting, a 
somewhat different order of arrangement from that of the table is 
used in the figure. 

TABLE II 


CELESTIAL OBJECTS OBSERVED IN 1928 


Object Mag. Sp. Dates Obsd.* Spectral Range Results 
microns 

8 Orionis.. ee. 0.3 B&p F|Pasclin- 030) On423—0.905) "| Good 
GMVTAC heya eruer ae o.1 Ao Yi NY Gye ba he .437-1.751 Unsatisfactory 
AON PT lemtar rameters rhe A2p PEAT chee) Bee .472-1.316 | Good 
DAA UUAC aici in|) COs AS Sr ote Ole .437-1.316 | Good 
a Canis Min......] 0.5 F5 ses act fowcerne LES? .472-1.316 | Excellent 
GUREISOl non epee 1.9 Spe wine) 20M us, S207 5 Good 
Gi CRAIN Gee epee Pio) AS Daed| pee ner eS .472-2.224 | Fair 
GeAUII GAC ree ncn es 0-2 Go ie | Mee al bar, cae .472-2.224 Good 
INEWIS) Sees ro eg ean eee Pom aor lS 1520-1. 751 Good 
Abeer ener Meee hacia e ene olis ores =e || ohh ars ce .520-1.751 | Good 
UGC neers: « 2.2 Ko DS |\ etl be scope 889-1 .751 Good 
BING UMLACT) «sol 2.8 Ko Sd tom laser .589-2.224 | Excellent 
CEBOOUS eR eels nic O.2 Ko DEC eres alls, artes .589-2.224 | Good 
CopMALIT castes ote oe io K5 7a egy leer .589-2.224 | Good 
CAOTIODIS ac teen 0.9 Ma Pie Wy cae eee .589-2.224 | Excellent 
6B Andromedae....} 2.4 Ma Zoe20 asec .589-2.224 | Good 
B PORASI tre ccc 2.6 Ma 20) |r el ere .589-2.224 | Excellent 
DySARITLAC Mam wane 3.8 Ma aaehe 20s erie e .589-2.224 | Unsatisfactory 
GRELETCULIS Hn cae o Wee ded eye foes ero |e ee .589-2.224 | Excellent 
GUE rewire cere te Var. | Md Dis |) hey || ae 0.589-2.224 | Good 


* The entries refer to August 25, 26, and September 13, respectively. 


As an example of the direct observations, Table III shows the 
complete set of measurements made on 8 Orionis, September 13, 
1928. The places in the spectrum are recorded in turns of the tangent 
screw which rotates the prism from the position of the yellow sodi- 
um lines. The readings of the radiometer (marked R) are given in 
turns and hundredths of a turn of the screw of the observing device. 
The corresponding deflections (marked A), which, when positive, 
produced smaller scale readings, are computed by subtracting the 
intermediate reading of each successive triad from the mean of the 
values preceding and following it. 
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From Table III, which is in no respect exceptional, it appears 
that the drift, as usual, was toward smaller readings, but amounted 
to only about 0.3 division, of 1 mm, in approximately 20 minutes. 


TABLE III 


OBSERVATIONS OF 8 ORIONIS, SEPTEMBER 13, 1928 


Time of Start, P.S.7. r5>48m 15532m r5P52m 15>34m r5hs4m 
Place in Spectrum... 7 Su =5 ai =e 
Wave-Length, Microns 0.423 0.437 0.454 0.472 0.494 
Reading, Deflection..| R A R A R A R A R A 
Ener readin Fell uaeiaers 20-35 es ead pat + 
6 elas Peete 19 .88]0.08 2310.11 -71|0.20 |19.91|0.39 65/0.30 
spectrum, expressed 76 34 we 6 ao pe 
in scale division of 3 ‘3 oe ge tas les ea eto ad Dy e: ss a 
mm and fractions . 6 ° es phase 5 
theréof .80]0.0 ooo. 22 .69]0.19 |19.93]/0.43 4410.44 
19.91 20.106 19.86 20.29 19.92 
Micanin sieecrre mess Aas (SRyoMe |pacrid OrLOn eee °.18 OV 4a pee ©.39 
Propable eErrorsen|ese. e|OLOLSl sc. G-O20\ mre On ONO] nkesics CO OLOlvas 0.035 
Time of start, P.S.T. 15h37m 15>40™ 15242m r5>44m 
Place in Spectrum... —2 ° +2 4 
Wave-Length, Microns ©.520 0.589 ©.700 ©.905 
Reading, Deflection. . R A R A R A R A 
: . 20.30 20.11 20.17 20.30 
ee ate 20.00 | 0.28 | 19.91] 0.20 17|-0.07 31| —0.03 
20.25 20.11 31 25 
gta ea Ae baa 19.90 38 | 20.00] .16 24 10 13] +0.08 
: 20.30 20.20 37 17 
oe fractions 19.86 | 0.40 | 19.94] 0.27 L239! OWE .I0} +0.04 
llezoxo 20.22 20.30 20.12 
VICAR aishe oss ats, eee Ses Ov35) [nea One emer OL O0ulnere 4 0.03 
Probable etror,..|........ L030 ne eee Or O2Sia eae OFOLOly eae 0.025 


Also, since the mean probable error of a determination (the mean of 
three complete measurements) is 0.021 divisions, or 0.063 mm, and, 
since this rests on seven readings of the scales, the mean probable 
error of a single reading is 0.063 V 7=0.17 mm. This figure of de- 
merit is swelled by all the causes which tend to produce accidental 


205 


14 CHG ABEOE 


deflections, as well as by the errors of reading itself. It corresponds 
to a rotation of the radiometer mirror through 278. 

The maximum deflection in the spectrum on this occasion was 
only 0.41 division, or 1.23 mm, yet the energy-curve is rather well 
delineated and smoothly indicated. 

With Rigel omitted, which has already been given in detail, 
Table IV includes a summary of the observations made in 1928. 

Times and air masses are not given more exactly in Table IV 
because, when corrections to a mean air mass of 1.30 were computed, 
corresponding to the mean atmospheric transmission coefficients for 
Mount Wilson, it proved that only in the case of Procyon were they 
large enough to affect the results. 

In the stellar radiometer observations of 1923, the selective 
transmissions of the apparatus and the atmosphere were allowed 
for in order to give the spectral distribution as in free space. For 
this purpose the energy-curve of the sun’s spectrum, as observed 
with the stellar set-up of telescope and radiometer, was compared 
with that determined by bolometric work in 1920 and 1922 on 
Mount Wilson.’ As time did not permit a repetition of this compari- 
son in 1928, the coefficients of transmission adopted in 1923 were 
made available by comparing prismatic energy-curves of 1928 with 
those of 1923 for all stars observed in both years. From this com- 
parison it appeared that the infra-red portion of the spectrum, com- 
pared to the visible, was less intense as observed in 1928 than in 
1923. This difference may have been due to an increased infra-red 
transparency of the lamp-black-coated fly-wing vanes used in 1928, 
as compared to the lamp-black-coated purled mica vanes, prepared 
by Dr. Tear and used in 1923. The results of the comparison are, 
on the whole, very accordant. (The curious infra-red observations 
of Rigel made in 1923 were omitted.) Unfortunately, data for rays of 
wave-length less than 0.589 microns are almost lacking. In extra- 
polating the curve, it seemed reasonable to assume only a slight 
change in that region. Table V gives the mean observed reduction 
factors; the adopted smoothed factors employed to reduce prismatic 
observations of 1928 to the conditions as of 1923; the factors de- 
termined in 1923 to reduce to the wave-length scale outside the 

* Smithsonian Miscellaneous Collections, 74, No. 7, 1923. 
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apparatus and the atmosphere; and the combined values of both 
factors. 

Multiplying the values in Table IV by the combined factor in 
Table V, we obtain values for points on the normal scale outside 
the earth’s atmosphere as given in Table VI. 

The results given in Table VI are plotted in Figure 6. Most of 
the curves are fairly smooth and reasonable. As for individual dis- 
crepancies, it is obvious that the first three points on the curves for 


TABLE V 


ReEpDucING FACTORS 


FACTOR OF 1928 f 
PLACE a eee A AC TORT OR 1923 CoMBINED 
Obs. Used 
San Toea pach. sksl Scie rte steaks wroave ets 0.44 . 2300 IoIo 
el he Sis rete PORTE LER OSLO Patio 44 I400 616 
an We rariagy alish easlista ata |p eugene Aan yS 45 gio 410 
ae vaitaltal xis simie "sets c] 8 0.45 45 620 279 
eee, Wet A ELIS ETO .42 46 460 212 
ra Wael Rees RSE ke LA On as OT Ce: 50 335 167 
Sd) RO Sa ae CCRT nic ore eae arr cme Hes 253 134 
SERIO COE, Oe 0.59 0.59 188 I1t 
AI Meer ae ths) oe Ss I.03 I.03 96 99 
Bina selare soe) okevee vars Ee7x Ui gf 41 70 
Crore acdc mecca en Ta74 1.74 25 43 
ae OMS E are hep Tea BAe Sa/ 21 29 
OER orn ee ae © .69 0.69 ) 25 17 


Rigel are too small, and that the observations of Vega, Deneb, and 
6 Sagittae are too irregular to give a fair indication of the march of 
their spectral energy-curves. A low value occurs at 0.589 microns 
in the spectrum of Capella, and surprisingly high values are found 
on all three nights at 0.700 microns in the spectrum of Mira. 

It is interesting to compare the results with those of the year 
1923. For this purpose the results of 1928 were reduced by applying 
appropriate factors, as nearly as possible, to the scale of those 
given in Table V of Mount Wilson Contr., No. 280.1 When this had 
been done, 43 places in the spectra of 8 stars were found for which 
ratios of intensities could be computed. Of these, 7 are so wild as 
to be rejected. The remaining 36 show an average deviation, 1928 


t Astrophysical Journal, 60, 87, 1924. 
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from 1923, of 19.8 per cent. Assuming that the observations of 1923 
and 1928 are of equal accuracy, we find the probable error of a 
single average observation to be (0.84 X19.8)/1.41=11.8 per cent, 


TABLE VI 


STELLAR ENERGY SPECTRUM DISTRIBUTION; NORMAL SCALE, OUTSIDE THE ATMOSPHERE 


a Aquilaé........ 
a Canis Min...... 


CV PETSE] Vin cates 


B Andromedae.... 


eid eevearka le os Salone 
OV OALILCAC ase eee 


Geitercolismmcanc: 


DATE 


PLACE ON PRISMATIC SCALE AND WAVE-LENGTHS, MICRONS 


—=6 —- —2 
0.437 0.472 | 0.520 
99° | 1140 | 584 
1355 | 446 | 334 
990 | 642 | 367 
aba swe 502 | 434 
seosnetatt 363 | 267 
uT6 474 | 267 
ee 139 | 167 
Sheth Er creyl (oes 234 
nen Oa fae eee 184 
mich naend 390 | 434 
oe rahe 28 | 284 
aye teat] 7 oe Seay 317 
ea | ew eeteae 134 


° 


0.589 | 0.700 | 0.905 


+2 | +4 $6 |ct72 |) on 

1.316 | 1.751] 2.224 
89 QT wists ass crerree | eeaerars 
287 | 91 HP Cel naka 
267 | 105 a did bro les city 
277 Wetar SOel eases: [Sener 
297 | 206 ty fa Pee scsi ne le 
247 | 121 17> |e aioe vente 
436 | 149 17.) | Paxena| ayes 
207 e230 159 3" lene ete 
228 | 177 Val lob one 
208 | 149 125 60 8 
455 | 369 | 202 | 119 | 37 
S27) (250 BOO’ |e Ae | peas 
238 | 241 95 0) eeyaris 
BO 7s 62038 ere I eicger 
198 | 298 r16 AS. |e ee 
Iog | 199 168 | 93 be) 
228 | 376 | 404 | 183 56 
238 | 461 | 456 | 345 | 124 
485 | 844 | 1010 | 597 | 172 
Pie 189 | 104 | 65 
BET 77 202 | 104 | 29 
218 | 241 176 | 145 80 
99 | 312 120) er 7 tees 
168 | 170 150 | 128 12 
406 | 369 | 417 | 348 | 83 
257 | 334 | 387 | 342 | 163 
287 | 220 |) §38T91"200 [5107 
337 | 319 | 396 | 194 | 61 
188 | 192 185 | 116 26 
376 | 383 | 370 | 232] 51 


* Additional observations for 8 Orionis: —7, 0.423 u, 505; —5, 0.454 H, 738; —3, 0.494 u, 827. 
+ The dates refer to August 25, 26, and September 13, 1928, respectively. 
t Values of preceding line doubled. 
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which agrees fairly well with what is shown by Table III; for the 
average deflection in Table III is 0.21 divisions, and the average 
probable error is 0.021 divisions, or 10 per cent of the average de- 
flection. 

As a more concrete illustration of the degree of consonance be- 
tween the observations of 1923 and 1928, consider the following 
table, where the results for a Orionis and 6 Pegasi for the two years 
are reduced to approximately the same scale. 


TABLE VII 
VALUES OF 1923 AND 1928 COMPARED 
PMA Ce me eee ins fo) +2 +4 +6 +73 +ot 
Wave-length, w..... 0.589 0.700 0.905 1.316 1.75 2.224 
TO 23 )napns 378 614 1132 1202 918 407 
a Orionis 41928.... 407 635 1105 1440 782 225 
AG eee: +29 +21 —27 +238 —136 —152 
To23 er 75 144 205 167 132 72 
B Pegasi 41928.... 76 185 205 150 123 68 
[Neo ect +1 +41 ° —17 —_) —4 


Although the agreement between the observations of 1923 and 
1928 is as good as the accuracy of the results warrants us to expect, 
much improvement is needed before the spectral energy-curves of 
any of the stars can be regarded as well determined. If possible, 
continuous registration should be introduced in order that special 
features occurring within narrow ranges of wave-length may be de- 
tected. The measurements should be extended toward both shorter 
and longer wave-lengths than can penetrate the great glass prism 
used for these observations. More exact standardization of the ob- 
servations in terms of radiation of known spectral energy distribu- 
tion must be sought. It is highly desirable to obtain as much as 
tenfold greater sensitiveness than was available in 1928, without in- 
creased accidental disturbance, so that stars of the third magnitude 
may easily be observed. With such improvements a long campaign of 
observations of stellar spectral distribution would be justified. 
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THE SPECTRUM OF B.D.+11°4673 
By PAUL W. MERRILL 


ABSTRACT 


Previous spectroscopic observations of this peculiar Be star by Fleming, Campbell, 
Cannon, and Merrill showed the bright lines to have characteristics of special interest. 
Collected photometric data make it probable that the light has not been constant, but 
do not indicate the exact nature of the variations. 

Mount Wilson observations.—Forty-six spectrograms were obtained from 1o19 to 
1928. More than 160 bright lines have been observed, of which nearly all are variable in 
intensity and position, and some are variable in structure. The elements whose lines were 
studied in some detail are H, He, Fe, Al, N, and Si; other elements represented by bright 
lines are Ti, Cr, Mg, C, and Sc. 

Hydrogen (p. 219).—The bright lines are always outstanding but vary in intensity. 
At times they are accompanied by dark companions on their violet edges. The distances 
between the centers of the bright and dark lines are different in various years, the values 
falling in two distinct groups. In passing from one line to another in the same spectro- 
gram the variation is approximately as the cube of the wave-length. On two or three 
plates weak bright components are visible on the violet side of the strong bright lines. 

The dis placements of the various bright hydrogen lines give fairly consistent results, 
the small systematic differences yielding no evidence that the dark borders are directly 
effective in displacing the bright lines toward the red. The displacements vary in a cycle 
of 800 days with a semi-amplitude of about 20 km/sec. There is some indication that 
the amplitude increased from 1915 to 1928. 

Helium (p. 230).—Prior to 1920 the lines were dark; since then they have been bright 
with dark borders on their violet side. In a given series the distance between the centers 
of bright and dark lines varies as the cube of the wave-length. The displacements ex- 
hibit an 800-day period with a semi-amplitude of 16 km/sec. The difference in phase 
between the oscillations of hydrogen and helium lines is 160 days. 

Tron (p. 235).—Lines of the ionized atom only are present. An interesting feature 
is the presence of numerous forbidden lines. Intensities of both allowed and forbidden 
lines are variable. The displacements probably vary in the 800-day period, but with a 
smaller semi-amplitude (about 8 km/sec.) and a lower mean axis than for hydrogen or 
helium, and with a different phase. 

Aluminum (p. 240).—dd 4512 and 4529 of doubly ionized aluminum are well 
marked in emission, and several other lines of singly and doubly ionized aluminum are 
probably present. The variation of the displacement resembles that of the helium lines, 
but the whole curve is about 26 km/sec. lower. 

Nitrogen (p. 243).—Numerous bright lines of ionized nitrogen, several of which are 
accompanied by a dark border, are present. The variation of the displacements is 
similar to that of the helium lines. The forbidden nitrogen lines recently identified by 
Bowen in the spectra of nebulae, \X 5755, 6548 and 6583, are present in emission. 

Silicon (p. 247).—Neutral atoms (probably) and the first three stages of ionization 
are represented by bright or dark lines as follows: Si1 bright, Sim bright, $z m1 bright 
and dark, Si 1v dark only. 

Various elements.—The lines of 77 m1 resemble in behavior those of Fetr, except that 
they are much weaker. Lines of Cu, Mg ur, Sc u, and Cr u are faintly present in 
emission. A complete list of lines is given in Table XXII. 

Detached lines —K(Ca) and Dy, D. (Na) are weak dark lines. 

Discussion.—The maximum ionization is apparently slightly in excess of 33 volts. 

Elements whose bright lines increased in intensity in 1921 are H, Het, Feu, Nu, 
Al ut, while lines of [Fe 11] (forbidden lines) and Si m1 did not increase. Since 1922 the 
intensity-curves for H and Fe 11 have more in common than those for H and He. 

The distance of the centers of the bright lines from the centers of their accompany- 
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ing dark borders is approximately the same for H, He1, Nu, and Sim. The dark lines 
of He1, Nu, and Sit shifted toward the violet upon the appearance of bright com- 
ponents. ; ; 

The oscillations of the bright lines of seven elements are concisely compared in 
Table XXVI. They exhibit extraordinary differences, suggesting a tenuous atmos- 
phere in which the elements are sorted by light pressure and gravitation. 


I. Previous SPECTROSCOPIC OBSERVATIONS 


Harvard observations.—Attention was first called to this remark- 
able start in 1894 by Mrs. Fleming’s announcement? of the presence 
in its spectrum of the bright hydrogen lines HB, Hy, and Hé. These 
lines appeared on objective-prism spectrograms taken at the 
Harvard College Observatory during the course of the spectroscopic 
survey of the sky inaugurated by Professor E. C. Pickering. Seven 
photographs of the spectrum were obtained between 1893 and 1912 
with the 8-inch Draper telescope, giving a dispersion of approximate- 
ly 160 A per millimeter. According to a recent examination by Miss 
Cannon, these seem to show, between HG and Hy, several narrow 
bright lines which cannot be identified with certainty on account of 
the small dispersion. She found no appreciable change in the spec- 
trum during this interval. 

The star was included by Miss Cannon in a list of “Spectra of 
the P Cygni Type,’’ and the meaning of this designation was ex- 
plained in the following words: 

On plates of small dispersion, P Cygni shows a strong continuous spectrum, 
with HB, Hy, and H8 very bright, and other bright lines are clearly seen. Ten 
other spectra have been found which resemble that of P Cygni, taken with small 
dispersion. As these stars are rather faint, it is not possible to decide, with the 


photographs now available, whether they resemble the spectrum of P Cygni as 
regards the fainter lines. 


Observations at Lick Observatory.—In 1894 Campbell, observing 
visually with a spectroscope attached to the 36-inch refractor at 
Lick Observatory, found Ha to be bright.‘ 

Ann Arbor observations.—In order to make a detailed comparison 
with P Cygni, the spectrum of B.D.+11°4673 was photographed 

1H.D. 207757, R.A. 21546™2; Dec. +12°9’, 1900; mag. 7.6; spectrum pec. Re- 


mark in the Henry Draper Catalogue, ‘The lines H8, Hy, Hé, and He are bright. 
#8 is the strongest and the spectrum is of the P Cygni type.” 


2 Astronomy and Astrophysics, 13, 502, 1894. 
3 Harvard Annals, 76, 31, 1916. 4 Astrophysical Journal, 2, 180, 1895. 
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in 1915 by the writer with a one-prism slit spectrograph attached 

to the 37-inch reflector of the Detroit Observatory.t The main re- 

sults of this investigation may be summarized as follows: 

1. The hydrogen lines were bright, with weak dark components on their more 
refrangible edges. The bright hydrogen lines agreed in giving a radial veloc- 
ity of +16.0 km/sec. 

2. Numerous enhanced metallic lines, chiefly iron, appeared bright, some of them 
being accompanied by weak dark borders. These bright lines were displaced 
toward the violet by about 0.6 A with respect to the bright hydrogen lines. 

3. Several bright lines of unknown origin were present, the most notable being 
A 4244.0, 4287.0, 4358.6. 

4. A number of weak absorption lines without visible bright portions were 
measured. Most of those identified were due to helium and silicon. Five 
helium lines and one silicon line gave a velocity of —12 km/sec. 

5. The similarity to P Cygni did not extend to the fainter bright lines. 


II. VARIATIONS IN LIGHT 


The estimates of magnitude in Table I have been collected from 
various sources by Lundmark.? From an examination of fifty-one 
Harvard photographs covering an interval of fifteen years, Miss 
Wells found’ that the star was apparently slowly decreasing in 
brightness. In January, 1922, it was about 0.3 mag. fainter than 
in 1906. Additional information is contained in a letter from Dr. 
Shapley, dated March 18, 1929: ‘‘Miss Wells has now looked up 
plates since 1922 and finds no evidence of variation. The decrease 
in brightness throughout an interval of fifteen years seems to be 


definite.” 
TABLE I 


MAGNITUDE EstrmaTEs oF B.D.+11°4673 


Source Epoch Magnitude 

WWir2 ETO S eer eters s fanacinee owns 1821.8 9 

IMU 2007 Aine tain ot panatws 1841.9 9 

Bib ett q07se ses ccm 2 ale 1855+ Whe) 

DI oooletnereas eat bees o 1861.9 7 

UWA Wal Oye ets each eee 1870.8 Ones 

ELAR VAUGNIAD a octet esta als 1905.6 O27 

i {6.8 photographic 

i byob oben Nd ce ene wee Sera oe 1920.8 17.0 visual 


t Publications of the Observatory, University of Michigan, 2, 71, 1916. 
2 Astronomische Nachrichten, 213, 93, 1920. 
3 Harvard College Observatory Bulletin, No. 762, 1922. 
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Ill. Mount WILSON OBSERVATIONS 
A. THE SPECTROGRAMS 


Spectroscopic observations of this star were resumed by the 
writer at Mount Wilson in 1919 in order to extend our knowledge of 
its intricate and interesting spectrum, as well as to ascertain whether 
any changes had occurred since the Ann Arbor observations in 1915. 

On the first Mount Wilson plates the spectrum appeared essen- 
tially the same as in 1915, although certain lines did not have ex- 
actly the same relative intensities. In 1920 and 1921, however, a 
striking new feature developed, and numerous minor changes have 
occurred since that time. The presence of several features of special 
physical interest and the fact that they are subject to curious 
changes make this spectrum a fascinating one to follow. A few 
spectrograms have been obtained each year since 1919. 

Table II gives a list of spectrograms upon which the present 
study is based. The first five, obtained at Ann Arbor in 1915, have 
been previously described," but are included here for convenience. 
The remainder were obtained at Mount Wilson with the too-inch 
reflector, except two marked y, taken with the 60-inch reflector. 
The C plates were taken with one prism and an 18-inch camera; the 
dispersion at various points in the spectrum is as follows: Ha, 170 A 
per millimeter; HB, 57; Hy, 36; H6, 28.* Most of these plates were 
taken on the fine-grained Seed 23 or Eastman 33 emulsion, and were 
widened by allowing the star to drift the length of the slit during the 
exposure. These circumstances, together with the high purity? ob- 
tained by use of a narrow slit (about 0.03 mm), made it possible to 
measure numerous narrow bright lines having small contrast with 
the background of continuous spectrum. The G plates were taken 
with a plane-grating spectrograph and have a dispersion of 67 A per 
millimeter. The H plates were taken with a small-dispersion ultra- 
violet spectrograph. The observation of April 27, 1921, was made 
with a three-prism spectrograph belonging to the Lowell Observa- 
tory, which was being used in connection with the roo-inch telescope 
for a special investigation by Dr. V. M. Slipher; the dispersion at 


« Publications of the Observatory, University of Michigan, 2, 71, 1916. 


2 The focal length of the collimator lens is 40 inches (102 cm). 
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TABLE II 
JOURNAL OF OBSERVATIONS 


Plate Date pos Emulsion* Remarks 
2420000 
3228 A....| 1915 May 21 |+0639 S 30 Ann Arbor 
32590 B June 13 | 0662 S 30 Ann Arbor 
23205: July 23 | 0702 S 30 Ann Arbor 
3340 B Aug. 6] 0716 S 30 Ann Arbor 
3308 A Nov. 12 | 0814 Nite) Ann Arbor 
Ce or. 1919 Sept. 3] 2205 S 30 
Sti Septans 2205 5 23 Strong exposure 
40. Sept. 4 | 2206 5 23 Strong exposure 
AS): Sept. 5 2207 S23 
40. Sept. 5 2207 523 
49 . Sept. 6 | 2208 5 23 
50. Sept. 6 2208 S128 
Sie Sept. 6 | 2208 5 28 Focused for 18 region only 
Bon Sept. 6 | 2208 S 23 Focused for 16 region only 
181. Nov. 7 2270 (BIIETE: 
183. Nov. 8 2271 S 23+Pcl. | Weak exposure in red 
520 1920 July 7 2513 S 23 
642. Sept. 3 2571 524 
Y 9570 Sept. 25 2503 If. 40” camera; bright Ha and Hg 
only 
of Ae 1921 Apr. 27 2807 S 30 Slipher’s three-prism; bright 178 
and Hy only 
C 1060 June 20] 2861 S 23 
1193. Aug. It 2913 S25 
1399. Oct rs 2976 S25 
1400 Ocky x2 2976 Hf. For region from H8 to Ha only 
1405. Oct. 14 | 2977 lf. For region from H8 to Ha only 
1666. 1922 Apr. 13 | 3158 S 30 
1704. May 15 | 3190 A.GS. Very weak exposure 
L745 . June 11 3217 S 23 
1822. Aug. 9 3276 > 23 
1942. Octy 937 /5 3336 lf. For region from H8 to Ha only 
2222 1923 Apr. 30 | 3540 | S 23+Pcl. | Includes red region; weak expo- 
sure 
2342. July 3] 3604 S 23 
2415 Aug. 31 | 3663 S 30 Strong exposure 
2467. Sept. 30 | 3693 5 23 Very weak exposure 
BAO ae Octiaar 3694 5.23 
Woe 7S. a. Oct. 3] 3696 S 30 Spectrum narrow 
Gy27504-%| ro24 Apr. 17 |) 3803 S 30 Weak exposure 
2602.0). July 19 | 3986 S23 Weak exposure 
Ga 20th), Oct. 93) | 4062" |S 23--Pel- | Plate fogged 
(GecOus. or. Nov. 8 | 4008 S23 
3383...| 1925 July 6] 4338 S 23 
Ree Aug. 19 | 4382 E 40 
aoe Aug. 20 | 4383 E 33 Very strong exposure 
(Oey Rete Octane ca| made S28 
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TABLE IIl—Continued 


Plate Date J.D: Emulsion* Remarks 
2420000 

C 3811...| 1926 May 30 |+4656 E 33 Weak exposure 
3935. - Aug. 12 | 4740 E 33 
A20Te | O27 Une 220 5054 E 33 Weak exposure 
4418... Sept. 9 | 5133 EK 33 
4867...| 1928 June 28 | 5426 E 33 

Ge LOA. « Aug. 2 5401 IDS ID 

re so262s Octaas 5525 E 33 


* S=Seed; E=Eastman. 
C.L.1.=Cramer Instantaneous Iso. 
Ilf.=TIlford Special Rapid Panchromatic, hypersensitized by an ammonia bath. 
A.G.S.=Astronomical Green Sensitive, prepared by the Research Laboratory of the Eastman 
Kodak Co. 
+Pcl.=sensitized to red light by bathing in a solution of pinacyanol. 

S].P.=“‘Slow Panchromatic,” a special red-sensitive emulsion made by the Research Labora- 

tory of the Eastman Kodak Co., hypersensitized by an ammonia bath. 


HB is 26 A per millimeter; at Hy, 12.5. y 9570 was taken with 
one prism and a 4o-inch camera; y 12175 with one prism and an 
18-inch camera. 


B. GENERAL DESCRIPTION OF THE SPECTRUM AND ITS 
PRINCIPAL CHANGES 


Before proceeding to a detailed description of the spectrograms 
it may be well to mention the chief features of the spectrum and 
the principal changes which have recently occurred. 

The most conspicuous features are the bright hydrogen lines, 
which vary in intensity but are always strong. At times they are 
accompanied by relatively weak absorption borders on their more 
refrangible edges, but at other times these dark borders disappear. 

The helium lines have behaved in a striking manner. In 1915 
they were dark; in 1919, nearly neutral; in 1920 they were emerging 
in emission; and since June, 1921, they have been present on all 
the spectrograms as strong bright lines, accompanied by dark bor- 
ders of shorter wave-length. 

Numerous well-known iron spark lines are conspicuous in emis- 
sion on many spectrograms, but on other plates of equal quality 
are scarcely visible. Forbidden lines of the ionized iron atom, re- 
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cently identified in the spectrum of 7 Carinae,‘ are present in emis- 
sion on many plates. They vary in intensity with respect to the 
continuous spectrum and also with respect to the ordinary lines of 
the Fe m1 spectrum. 

Other elements, represented chiefly by emission lines, with their 
respective degrees of ionization, are as follows: Al um, 11; Nu, in- 
cluding the forbidden (nebular) lines \d 6548, 6583; Sz1?, 1, II, 
rr ite Crile oir. Cries Se ii. 

A continuous spectrum having about the usual energy distribu- 
tion for a B-type star is quite strong at all times, forming a back- 
ground against which the numerous bright lines appear with vari- 
ous and varying degrees of contrast. 

The variations in the intensities of the bright lines are on the 
whole rather gradual; that is to say, plates taken within an interval 
of a few weeks do not exhibit a wide range of behavior. From one 
year to another, however, large differences may appear. The course 
of the variations is too complicated to permit a brief description, 
but some idea of it may be gained from Figure 13. One notable 
phenomenon was the simultaneous strengthening of the hydrogen, 
helium, and enhanced iron lines, beginning in 1920. A strict perio- 
dicity in the various changes is lacking, but the recurrence of certain 
features at intervals of about eight hundred days is of considerable 
interest. 

In addition to their variations in intensity, the lines are subject 
to variations in position which differ for the various elements in a 
most extraordinary fashion. The eight-hundred-day cycle is a com- 
mon feature, but, aside from this, each element seems to be a law 
unto itself. One especially curious phenomenon is the apparent in- 
crease in the amplitude of the oscillations of the hydrogen lines (see 
Figs. 1 and 4). 

C. HYDROGEN LINES 

The bright hydrogen lines are the outstanding features of the 
spectrum. Ha is an extraordinarily intense line, badly overexposed 
on plates that show the continuous spectrum on either side. The 
intensities of the bright lines diminish along the Balmer series toward 
the ultra-violet as usual in spectra of class Be. H8, Hy, and Hé6 are 


1 Mt. Wilson Contr., No. 354; Astrophysical Journal, 67, 391, 1928. 
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TABLE III 


INTENSITIES OF LINES 


HypROGEN HELIUM Tonizep IRoN 43509 [Fer] 
PLATE 15 0 A 4352 Fen 
Em. Abs. Em. Abs. Lab. Forb. 
2420000 

3228 A....| +0639 5 3 On eae (2) (2) 0.9 
3250 B 0662 5 4 ° I ars. 25 Tet 
3332 A 0702 7 2.5 ° I 35 3 0.9 
3340 B 0716 7 eis ° 2 Bats 225 Ty) 
3308 A o814 6.5 3 ° I 255 B55 135 
Mean. 0707 6.1 3.0 ° ig} C9) 2.9 1.08 
CP 36 reas 2205 4 4 ° 0.5 4.5 2 0.6 
Ci hehe 2205 5 6 fo) I Opsuley e205 0.5 
BOs sieve 2200 eG} 6 ° I 6.5 Ons 0.55 
Ate w, 2207 eres 6 ° Y 6.5 3 0.45 
AG te: 2207 5 6 ° I Ons Bas 0.35 
49....| 2208 5-5 5 ° 0.5 7 3 0.35 
RO nates 2208 ts 6 ° 0.5 7 Bia5) 0.4 

Rtgs eee 2208 ee \ eee te Po fe lees (Gl) taxckiee hall ee ee ene 

Nifo Biore 2208 op mua latn ete ° (1) (6) Sch tert eee 
Mean. 2207 5.0 5.6 ° °. 6.3 ZO 0.46 
Geezer ae 2270 (5) i rene nee ° 2 6 BAG; 0.4 
183....]| 2271 crm |e rk ro) 2 (s) (3) 0.6 
Mean . 2270 | See ae es ° 2S iad 323 Orns 
(Gx I fo etene 2513 AGS Rey ° 2 2 4 Rags 
(a7. OIE 2571 6 6.5 iF I sks 5 ZO 
1060.... 2861 ET Thats one 5 if 5 Ory, 
TIO ace 2913 12 7 O25 6 9 i 0.6 
E300 0c 2 2976 To65 7 9 6 10 A\ 3 0.45 
TOGO. 2 ar) 3158 T2515 ° SS 4 6 TES Ong 
ay fear EeHG Tone 0.5 8 5 6 Dds 0.6 
TO22 2 3276 II I 8 5 6 4 0.7 
2342....| 3604 10 5 10 5 5 5 (2.0) 
BATS ee 3663 10 5 8 5 B 5 Te 
2470....| 3694 $e) 335 7-5 5 5 4.5 0.85 
2750....| 3893 12 I 5 5 5-5 1.5 9.3 
2892). . 6: 3986 12 (1) 5 55 6 iets 0.4 
3073..--| 4098 14.5 0.5 8.5 5 4.5 3 0.8 
3383.---| 4338 10 2 9 4.5 ol 2 (1.5) 
BRAT oe ya 4425 9.5 ? iets 6.5 ARs I Ore 
ROWE 6 ae 4056 Tins ° a3 5 4.5 I O25 
3935----| 4740 15 ° 8 5 6 I 0.35 

4321....| 5054 (9) ea) 6.5 6 3 ° <1 

AAS caer 5133 8.5 3 Gf 6.5 I Con ete cence 
ASOT Ea 5426 14.5 if 8 6.5 5 ° Ons 
EO20i ee 5525 sth Tal I 7 Bis5. Ai ets I O53 
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very conspicuous; the lines of shorter wave-length less so. With low 
dispersion (plates H 37 and H 42), a few of the ultra-violet lines are 
seen in absorption without recognizable bright portions. 

The bright hydrogen lines are sharp and well defined on most of 
the spectrograms. A noticeable widening accompanied by a slight 
diffuseness of the edges may be observed, however, on the following 
pistes 1000, C17407°C 1822 C 2802, C 3073, C 2811, C 3035, 
C 4867. These were taken at times when the bright lines had their 
greatest intensities. 


km/sec. Int. 
16 
+40 A, N t K 
INTENSITY EMISSION LINES aes aN ; As 
iat ie Nee eh a a Ege tes 
4 = \ 
a a! oe mat ; eal \ / 
20 i Ome: Xt, hss 1 
a) rs i 
L R=! p> 8 
° ee! is ° 7s 4 | 
= ne \ 0 J A 
Saal a iat AN ie Ns A \ + 
\ | if K VELOCITY ENISSION LINES Vi a 4 
L 
pon 20) a + At ah + ay ve at ae 
Vv Soe RA ie) oe 
INTENSITY | aa aaa LINES real t : 
J.D. 242 2600 3200 3800 4400 5000 


Fic. 1.—Behavior of hydrogen lines 


Examination of the spectrograms reveals a considerable varia- 
tion in the intensities of the bright hydrogen lines. The relative in- 
tensities on different plates have been estimated by comparing them 
with plate C 2342, on which the intensity was arbitrarily called ro. 
The estimates refer to the lines HB, Hy, and Hé, and were made 
when viewing each spectrum alongside the standard spectrum in the 
Hartmann comparator. Additional intercomparisons of various 
plates were made later, but the resulting changes were inconsequen- 
tial. The estimates are given in Table III and are plotted in Fig- 
ure I. 

The first feature of interest in connection with the bright hydro- 
gen lines is the rapid increase in intensity which began in 1920 and 
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continued for about a year. After a broad maximum lasting from 
1921 to 1922, there was a slight decrease in intensity, followed by 
narrower and higher maxima in 1924, 1926, and 1928. The intensi- 
ties in 1915 and rgrg were about the same as in 1920, but since 1920 
the average intensity has been much higher. Even the minima of 
the recent fluctuations have been above the 1919-1920 level. 

On many plates dark borders occur on the violet side of the emis- 
sion lines. They are seen only at Hy and lines of shorter wave- 
length. Their increase in intensity toward the ultra-violet follows 
the usual behavior of the dark portions of the Balmer lines in spec- 
tra of class Be. The intensities of the dark portions of Hy and Hé6 
have been estimated in the same way as those of the bright lines 
except that the intensity on the standard plate, C 2342, was assumed 
to be 5 instead of 10. This was because the absorption lines at their 
best are relatively weak features. The data are in Table III, and 
are plotted in Figure t. 

In general, the behavior of the dark borders is opposite that of 
the bright portions; that is, relatively strong dark lines accompany 
relatively weak bright lines, and vice versa. Thus the average in- 
tensity of the dark lines has decreased since 1920, while that of the 
bright lines has increased; moreover, the maxima of the dark lines 
correspond to minima of the bright lines, and vice versa. Interest- 
ing exceptions to these rules occurred, however, in the years preced- 
ing 1922. The rapid increase of the intensity of the bright lines from 
1920 to 1921 was accompanied, not by a weakening of the dark bor- 
ders, but by a slight strengthening. Between the observations in 
1g2r and those in 1922, moreover, the dark borders practically dis- 
appeared, while the bright lines retained their high intensities. 

Another relationship between the bright and dark lines is evident 
upon inspection of the plates. When the absorption borders are 
strong, the bright lines are narrow and their violet edges very sharp; 
when the absorption borders are weak or absent, the bright lines are 
slightly wider and their violet edges are not so well defined. The 
effects on the violet edge of the bright lines seem to have some cor- 
relation with the measurements of position; when the dark borders 
are strong, the apparent centers of the bright lines are displaced 
toward longer wave-lengths. This does not prove, however, that 
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Il 


the presence of the absorption borders is the cause of the apparent 
displacement of the bright lines, as discussion on another page will 


show. 


TABLE IV 


HyprocEN Lines, Emisston minus ABSORPTION 
(Angstrom Units) 


Plate or Year Hy Hi He He Hn 
TS Ttreptele otha Gunes, + ee 150 T.23 1.26 1.12 1.0 
Ces Overs cats eon oe tie ©.96 0.74 CHAS © La Pte bens ae eae os 
Beas AO RLY cere sine 1.08 82 ie °.78 0.78 
7 Yo yo RRR ER Ae Ree I.00 82 .76 OFF Baw lito eee 
A enoneta, oi cake trenton 0.96 .76 JOS") a euarem ean Se ocameren 
Zio es creme cares eee .96 .80 OGL TG yserercsenta tel ues crates ainee 
AQ iste sia arelenatiers a0 0.92 Ob | lenient oes Al eg Paras aaa Ara 
Owe anda onan es 1.02 0.72 OOD Lam Hicykeeitearettene iy || se tema tes avai 
Mean (r919)........ °.99 0.76 0.70 0.78 0.78 
(Ch ce ie he aaiarn eee ote 04 Moet pene in aden ae cos ence Carrere es 6 
O42 mat wnr sitet as 1.08 © SOA en “lieve tes re svn ot benyeie sae nier sills eeorato rene ate 
Mean (1920)........ 1.01 CR Gok Sera bares on ol Meters es 
CRT OUGr se sayin eed Bee 113 Ou il ceeakeyerncrn amacha aka tena lok Canines 
UB Oe 8 Bee en coe RRS ae t.50 1.38 DROZ OR Wee iaa ceslane | ratelenr sis ait 
Ea OO ee Nee chit ys % 1.54 ROO Wall Cheeni coe to eal neat cee 
Mean (1921)........ Tess 1.29 AOD aa east wero heen a thse 
CT PVE G aerate Soe 1.61 ATES Mel ene eee Ben [ea fee ere Ny PCat ceats 
BAT B eslt.a ee eiewete ss 84 1.38 eT R eros goin side tenes 
OA Oe eee cece a Penal Aly contvem tn tncksll tee Ornette aoe hee a ROR | ete ome re 
EVR LR Me erect feels ti |[te oasis) Seheue. as EO ped oe eat eee Sars | ae ee 
Mean (1923)........ 1.66 533 DE Ste oer oceans | acer 
CRESS SOO rk ve iicia nica al TE20 ©.90 Oe Tia al rece termes nn | (ance peer tees 
LEH Roane are A eae 1.08 °.96 OV9O Scfacteocs. dle sen one 
Mean (1925)....... Pel 0.93 Ol 8 ALS Natori meena 
COMPAS BTR xin. Mae seen S an PR Ae A ea aca Cio eee ea re ee dae Ream 
Ah Weitere yard wos WSO Al eeersheisracte wll lie race aes iase le ounce tee simas Efi njeteite unit aes 
Mean (1927)........ LSD @ Ye cece none tes Vy ecm ceca tals ee ean th Rees MA 


The distances between the effective centers of the bright lines 
and their dark companions were measured for those lines whose 
dark portions were clearly visible. The difference in wave-length 
increases with increasing wave-length, and for a given line varies 
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considerably from year to year. For Hy, for example, it ranges 
from 1.0 A to 1.7 A. The measures are collected in Table IV, and 
the annual means are plotted in Figure 2. The data fall in two 
groups: the values for the years 1915, 1921, 1923, and 1927 (Hy 
only) are much alike, while those for the years 1919, 1920, and 1925 


A 3800 4000 4200 4400 


Fic. 2.—Hydrogen: relative displacements of emission and absorption lines 


resemble each other. In both groups the displacements are approxi- 
mately proportional to the cube of the wave-length, but in one 
group the constant factor is about 50 per cent larger than in the 
other. Expressing \ and A) in angstroms, we have approximately 


A= a), 


where a=1.25X10~™ for the lower group, and 1.9X10~™" for the 


upper. 
On plates C 3383 and C 3541 the bright hydrogen lines have 
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weak bright companions toward shorter wave-lengths. These com- 
ponents are visible also on the three-prism plate taken on April 27, 
1921. Table V gives the measured distances of these weak compo- 
nents from the centers of the main bright components. 

Data concerning the intensity and structure of the hydrogen 
lines have been set forth in some detail in the preceding paragraphs. 
During recent years the characteristics of these lines seem to have 
been subject to a fairly regular succession of variations which sug- 
gests a periodicity of some kind in the star’s atmosphere. In this 
connection it is interesting to note that a similar type of variation 


TABLE V 


RELATIVE DISPLACEMENTS OF WEAK BRIGHT 
COMPONENTS OF HyDROGEN LINES 


Plate Hg Hy Hs 
BeDlistineee pee —1.92A SPER TIA sett tiagte tas 
CRBS 2s ic heclertanarite + 6s Saitstou) » tl beset ons ced See 

BGA Titian waster Ctra tenance ——TeOs —1.48A 


is shown by the positions (apparent radial velocities) of the lines, 
as the data which follow indicate. 

The bright hydrogen lines are favorable for measurement as they 
are narrow and stand out prominently from the continuous spec- 
trum. On many plates they are practically monochromatic; on 
others, slightly widened. They appear symmetrical except when a 
dark companion makes the violet edge sharper than the red edge. 
The bright components to the violet, seen on two or three plates, 
are feeble, and, as in most cases they are slightly separated from the 
principal line, offer little interference with the measurements.” The 
measured displacements of the bright hydrogen lines are tabulated 
in Table VI. They are given for convenience in units of radial ve- 
locity, but other phenomena may of course be involved. 

The agreement of the various Balmer lines is reasonably good, as 
is shown by a tabulation of the differences of successive lines (Table 

« This refers, of course, only to the dispersion actually employed, about 36 A per 
millimeter at Hy. 

2 See, however, remarks in the following paragraph concerning the H£ line on two 


plates. 
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VII). For the purpose of this tabulation the Ann Arbor plates were 
counted as one observation, as were also plates C 36-C 50; all other 


TABLE VI 


DISPLACEMENTS OF BRIGHT HyDROGEN LINES 
(Kilometers per Second) 


Plate Hg Hy Hé He He Hn Mean Remarks 
IADR VATDOL.... one: +16 | +12 | +16 | +20 | +20] +19 | +16 
Ge SOR ersa see [caters takes +5]|-— 6 On | aa mercaleeoer ° 
Rl WEE Re cece |e eae Steal eae alee call—Olaaes 
AOE. Ceis ea.el|ic are 4 coh |e iy |e Kev ee |) ae A 
AE Peewee stcvenn| arsieees Sy Bl ee Rp Fans Slhs oS Seu 
Ae vor stere erste llobaae gna pA ea ee ated seas — 1 
AG ets = nie ears iam te +1r}]}—4 Onlcen aaa emote — I 
SOE fs sahes iene +6/-1 ro he ese tan + 2 
IML Gari Pereccscl|ie oe he or af | 8 ae a | a Ono 
Coe Cp a hema trae ee Sek be invaded Paccionl Inaaae | awianecdlnraparcl ener 
GS rates arate: FES. NES ok atone os |(auaraeeqerlllgtenseers | pexeensn eral anecmmetens 
DOLE heehee PLO livap-LO' | acernnrcts leceestpailiarste aeatel| areeaeere =-13 Poor 
TOO cocoa se, Rea eh Tih ces scyref kevanea teva) cara eeeaec SMS euctioneee renee Poor 
BO0G sac aver LO Pasta! atm EO Niger a diveal varie tall Ceeenoneee +16 
OADe ots ae ee 5 ee elas ae Placa CH RAIA lekaccns 5 cl fnsto tao 528 
Ve ORV Os ots oretals PP Ole eas an eke ay carer 2008 amr anaycl all eter oes | seeweaeciea|lteteeermegeees 
RePUISMle eee eevee PAN eep AL Yo ries ie shel tases soi cl ctaeaee ene | cites tetear Siete 
NOOO viata tere TO: | ja L2, |e te Eee LS eee ell eet ete 
1 COP ea RORY et E17 | ae a Od HP 4 ele cee os + 7 
BO O0 nies ser ses +13 | -+- 2) — 8 7 all remeraed ° 
PASO N Ae cmt stro Se Ip (Rear | IPI cl [te nel eee ee oe ae a Oe 
TAOS dwicins ciao ST aoa Fee eeaeal ieee tesco! Parcel lene ieed [ota al rns t: 
TAOG ee og toca TO We oo Leet LOM eceie| aaa eee + 7 
12 Loy. Wee A ae ee SP TA iste) Oh ent AW loc |i ee ap tel| Auge + 3 
UTA See cero oe Rod (ie pees tee ly matt 8 uc col cee i aeieie ns. + 8 
SG Deda Aerts Tee weer e ie Roel ered ae reciisitoe oe ame 0) 
LONA 20 rae ie fe 2oe a AO Wects,er en ir Pee | Rerdeh or) craked De crompigl |lere of de 
AQOD Om ac arsae ABS Wit SOU ec casaun | eieeeere ol eacen ete eee +31 Fogged 
eo bs, ae oe or) 618. | tgs ) esl k abe « +14 
7 SO ae tel ee eae Te te 0 |) a ee ee + 2 
PAO ees ove = pitted ime ally ae nce o cles ool te ax ° 
CAO eee +o9/+ 8 ©; eae | eae | + 3 
59 FIG fide SS oe ye. | St i a es (tener | eae — 6 | Small weight 
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plates were counted separately. Two plates, C 3383 and C 3541, 
give large negative values for the difference H8—Hy. On these 
plates the hydrogen lines have weak bright components toward the 
violet, which, in the case of H8, are blended with the principal line. 
These components are very weak and apparently have little effect 
upon the measurement of Hy and lines of shorter wave-length, but 


TABLE VII 


RELATIVE DISPLACEMENTS OF HyDROGEN LINES 


Lines Difference No. Obs. 
HB—Hy.......| —-+2.1km/sec. 27 
HB8—Hy....--. 4.0 25 
y= THOee eas so 0.6 26 
Hi—He....... 2.0 20 
Ee — er ie +3 6 


they may build up the violet edge of the overexposed Hf line suff- 
ciently to account for the measured shift of the center. The mean 
differences, H8—Hvy, with and without these two plates, are +2.1 
and +4.0 km/sec., respectively. The differences between other 
pairs of lines are small but positive in all cases. This is of interest 
because negative values would be expected if the dark borders had 


TABLE VIII 
DISPLACEMENTS OF THE BriGHT Ha LINE 
Plate Ha See nek 

EOS 7 Omede orice +31 km/sec. +27km/sec. 
(Oni ola os coed |) aguibar ° 

EOA2 cat eign alee oor: 
Cis eit to are ae = 9 

TOA Saee oae + 4 —T4 


an appreciable effect in shifting the bright line toward the red. This 
is because the dark borders grow rapidly weaker in passing along 
the Balmer series from the ultra-violet lines to H8. These data 
therefore suggest that the dark borders have no strong influence on 
the positions of the bright lines. A few measures of the displace- 
ment of Ha (Table VIII) show that it agrees approximately with 
those derived from the other hydrogen lines. Because of low dis- 
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persion or overexposure, the errors of measurement of all plates 
except the first are rather large. 

The measured displacements of the bright hydrogen lines are 
plotted in Figure 1, along with the intensities of both the bright and 
the dark portions of the lines. It is obvious that the displacement is 
not constant, but rises and falls at intervals of about eight hundred 


km/sec. 


+40 


+20 


Fic. 3.—Hydrogen: velocities from emission lines, reduced to one cycle 


days. To ascertain whether or not the curve is repeated with un- 
changing period and amplitude, the observations have been reduced 
to a single cycle by assuming the period to be eight hundred days 
(Fig. 3). The sine curve in the diagram corresponds to the equation 


° (BoE Ee hoe 


V=20.5 sl ; 
20.5 sin 360 a ee 


where V is the velocity in km/sec., and ¢ is the time in Julian days. 
Only two observations (not plotted) disagree badly, and these de- 
pend on poor plates (C 181, C 183) and have little weight. A well- 
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determined normal place but two months before lies fairly near the 
mean curve. The Ann Arbor observations of 1915, however, taken 
at a time when the curve calls for minimum velocity, lie slightly 
above the mean velocity, and cannot well be reconciled with the 
others, even by changing the assumed period. This fact, together 
with the configuration of the Mount Wilson observations, suggests 


km/sec. 


+40 


—2) 


J.D. 242 2400 3000 3600 4200 4800 5400 
Fic. 4.—Velocities from hydrogen emission lines with the curve V =0.006 (t— 0640) 
;: t—16 
X sin Beg eee: 12.0. 
800 


that the amplitude of the oscillations may have increased from 1915 
to 1928. In Figure 4 the equation 
V=0.006 (¢—0640) sin 360° 50) | 2.0 

is plotted together with the measured displacements. This formula 
represents a sinusoidal fluctuation in a period of eight hundred days, 
whose semi-amplitude increases 2.2 km/sec. per year. For the Ann 
Arbor observations, the formula gives a mean residual (O—C) of +4 
km/sec. 

It is of course a question to what extent the displacements of 
the hydrogen lines correspond to line-of-sight motions. The effect 
of the varying intensity of the absorption borders deserves investi- 
gation in this connection. Inspection of Figure 1 shows that in gen- 
eral the bright lines are displaced to the red when the dark lines are 
strong, but a detailed comparison of the data’ does not establish the 


« E.g., a plot of the measured displacements of the bright lines against the intensity 
of the absorption components. 
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hypothesis that one phenomenon is the cause of the other; it leads 
rather to the conviction that such a hypothesis is either partly or 
wholly incorrect, and that the positions of the bright lines are to 
a considerable degree independent of the intensities of their 
dark borders. This conclusion is in harmony with that drawn from 
the relative displacements of the various Balmer lines on the same 
spectrograms.* 

The displacements of the bright lines show a certain degree of 
correlation with the intensities of the bright lines themselves, the 
higher intensities corresponding to algebraically smaller velocities 
(see Fig. 1). This relationship, however, still leaves open the ques- 
tion of the cause of the displacements and the changes in intensity. 


D. HELIUM LINES 


In 1915, 1919, and on July 7, 1920, helium was represented by 
faint dark lines without recognizable bright portions. The first plate 
to show definite helium emission was C 642, taken September 3, 
1920. By the following year the bright helium lines had become 
conspicuous and have remained so since that time, although with 
some fluctuations in intensity. The development of \ 4471 in emis- 
sion is particularly striking because, next to the lines of hydrogen, 
it has become the most conspicuous line in the blue-violet portion 
of the spectrum, exceeding in intensity dozens of bright lines of other 
elements. D, likewise is outstanding in the yellow region. The lines 
of ionized helium have not been observed. 

The bright helium lines are accompanied by dark borders on 
their violet side, forming lines of the P Cygni type. These dark bor- 
ders are conspicuous for A 4471 and several other lines, and are decid- 
edly stronger than the dark lines prior to 1920. Within a particular 
series the lines of shorter wave-length have the relatively stronger 
absorption borders, as is the case with the hydrogen lines. One se- 
ries may differ systematically, however, from another series. For 
example, the lines in the diffuse singlet series, particularly \d 4388 
and 4143, seem to have especially strong dark borders. 

The intensities of the helium lines, estimated in the same manner 


x See p. 227. 
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as those of the hydrogen lines, are shown in Table III and Figure s. 
The intensities of the bright lines have fluctuated somewhat since 
their remarkable rise in 1920-1921, but the dark borders have re- 
mained at nearly the same intensity. 


km/sec. 
+4o 


J.D. 242 2600 3200 3800 4400 5000 
Fic. 5.—Helium emission lines: intensity and radial velocity 
TABLE Ix 
Hetium Lines, Emissron minus ABSORPTION 
(Angstrom Units) 

Year Plate dX 3065 | A 4009 | A 4026 | A 4120 | A 4143 | A 4388 | A 4437 | 4471 | A 4712 
G2) Mme Cohen OA 2am A alcreasen| rer oth an | oe rcteeyese)| (nice taiaral etawae nate [he eeeaih bree gic vipa a easy ee 
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TIS 0) el het ss oy DEO a OsO Mee LoLOn hy 20 Nears 120S\ia-eee 
TOO | © aka lew sors 0.95 VSMLOnO? a | pling 2 | Lee smell iim teat 
1922 LOCO | ecetetarell eicesctd site seis saa |, a be.ncn|'s wieaarevll F650 EAS le LA5O 
yal eA ucersaGHisers sols «(oes Papell Sai eal lO ode Bl Maly cc r.30 | 1.39 
TODD I | ermal alls: synastes oil eve opel as lreeta sree oNatayi WS ob ee Me eae E45 Were5° 
1923 DGey I esas oa leu tts Sah ele On || teal] eee visti ||| Fe aly 
2A TR ate tO. | te2eny Tato S02 DATA NS a5 ces} E801 |becune 
ATO Ballin Mere aioe a eeceelllo teex auees (ete ote ohio pel AE ODS hota as Peo et Oo 
Ryo te S| armen | eee ats tala celles eres ORL eal Sea Minn oo meeaollse acon 
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BOW RN salssck TROL iG het Gale cre Tee PO Ran ph |i ae 1.66 | 1.74 
1925 3383 | 0.93 | 0.93 | 1.05 On ete LOW ellen le, carers TAG. eee 
Base me {| fied ah le eee Ty LO haere ace Tee St 1 Leas OM eres at. int Me lo BLO 
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1927 ARCA 4 |r: Seog] Lea Gees eter cates (eeu eaeasy eee me CBRE S oval tere (ae E200) |2Ea53 
ARCS A lee se ae cs Gy eee sieeve be So yahS |e Aton PecOsleiro 7, 
1928 ASOVE Vecieh one a 2G MO fale te Seal ete Olam OOn | lies 5 
BOZO aa ee mse el creme all cigicsto ove ie oh=\| enor tener Te Oe ales e LLOO Meee ee 
Wieanl ss sen) cats Tel TROS DRT Ia|POLOTAIET SOO (Te sO wy Ged Peso ere sG 
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The measured intervals between the centers of the bright lines 
and the accompanying dark components are collected in Table IX, 
and the mean values are plotted in Figure 6. The behavior of lines 
in the same series (connected by straight lines in Fig. 6) resembles 
that of the Balmer series, as may be seen by comparing Figure 2. 
The variation from one line to another of the same series is approxi- 
mately as the cube of the wave-length, and a mean value for the 


lic. 6.—Helium: relative displacements of emission and absorption lines 


constant coefficient lies between the values for the two groups of the 
hydrogen series. 

The measured displacements of the bright helium lines, expressed 
in terms of radial velocity, are found in Table X. The lines most 
frequently used are AA 3965, 4026, 4120, 4143, 4388, 4471, and 4712. 
All these except the first give consistent mean velocities. \ 3965, 
measured on ten plates, is displaced toward the violet by 0.13 A or 
10 km/sec. compared with the mean of the other lines, but this may 
be due to error of measurement as this line is usually underexposed 
and on some plates is slightly out of focus. The lines with the strong- 
er dark components do not appear to be displaced toward the red 
relatively to the other lines. Thus, as in the case of the hydrogen 
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VELOCITIES FROM EmIssION LINES 


TABLE X 


(Kilometers per Second) 
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Plate Ja; He Few (Fe | 
2420000 
IADNSAT DOL Seis ost tis seus Tse = Toy ASV ae A eee —24 —24 
(CMS OL eos esti cgay B05 lain he cea: crash WN | pn tee sts e 
Py feck Re Rn SP a eo a D2 See [iene aps re 17.9 —ir 
el ky cic eS ee Oe DOOON  Wecrst ators eee —ro Oe 
AG tgs Ra rae cts fe 227 ae | em er —cOnO — 21 
AO ete cate rietes in ife) v8 oss Po fe WN recs Re EEA) 272 
A Med amavis ar tat Gives DOO WM eteieteknc cite Sn) —1Q 
SOV We eects Blasco 220 Sie fncs ene eran Sy 06 
isd a vet Be AR ae eae ZOOS e my Dene eee (ot ile tn eee 
Oe eee ta Ae tee 2200S al Reyer ie —T2 —T2 
ICA TI siete ye sreayenciohe BOOT Rms le erege a racastvein: —UAs6 —18.6 
CBT S Tite tetera ce aiasos 227 Otel | Sates ord eat EO, @ Me ieee Lars 
DO Mapetenc anak eric cease DOICE EN comin Rares (26) ak eens 
VICAT reg eect say FOTO a | We Ae hinccysias Sart Pies eR PSS, 
(CB Onmterarchec Wanna ates sere sar Pi Illes = ein we ie —24 —23 
(Oy. bbe a ay eC ee 2571 (+17) —24 —16 
LO OO nat teestoacce seo) he ote si eer 2861 —4 SS 58 — Ts 
PEGS Soeiaie savas io ese we asia 2013 a 203 Hh} 
TSO in nt ierchine.o-svsou noes 2976 — 4 —18.9 —18 
LOOMIS Se sstahe eae 2976 (— 3) STOKE |S ee Nos eee 
PAO’ meses as ergs ede snark cores 2977 (— 9) —22 (—15) 
IMECAM gies eres tyr nes 2976 ae 7 ay 
(GBTOCO tea etick cee 3158 (+14) —14.2 (—13) 
PAs pt eae Seer Ber, +24 nO) (—15) 
eke, Au Weert ee 3276 +22 —1I5.09 (— 5) 
LOAD aA ie ahe: eee ate Coe Mic A omen (08) et ae Faas 
PR We PR ies pith et eee ee eee 3004 —I0 25.5 == 6 
DATS ne Pee ona te 22070 sas 3063 — 4 —=20 — 8 
BAU OWE aaa airs Se eoe eke 3694 —= 6 —24. —21 
Sy METRE OS aie, con tok See ka)s 6.4 3606 (—19) (—27) (—26) 
INR Waly ee sere ene ete 36905 —TIoO —25 — 23 
ORG SOne Are ne mere 3893 (+20) catty Pee ee Nera is Or 
eels 5 HS so bone a reeree 3986 +18 —18..1 (—19) 
(CME Olen e cuentn ic re 4062 +17 (270)) | tess eee a 
CM OTE ee eae en 4008 (+32) —12.7 — 8 
DA eo Gea knee 4338 se —30 —27 
aay a he PR tents Weueed cksyore 4425 = 8 So 2iT sR) | pate ace Pemepe tee 
LEST . ey akS erence eel er ertear ee 4656 (+12) ET.” pee eee 
BOGS Me ere aetice wey 4740 +16 TQ) n2 (+ 2) 
RO ton eaoky OOO SIRO 5054 +15 72 ae |noen ice eee 
AAT S eA etc ho aeete he 5133 +12 (13) lke eee 
SOM cstbepitec ph U els vette 5420 — 5 Se At” Wallan, eka beo Mer} 
(Che TANGP A ee aie eee ee es 5461 +r (eet ian PR 
Ger RORO an eee cag tite 3 hor. 5525 +7 —19.6 —16 
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lines, the dark border apparently has little direct influence on the 
position of the bright line. 

The velocities from the bright lines are plotted in Figure 5. They 
are evidently subject to more or less regular fluctuations in a period 


km/sec. 


+40 


+20 


J-Di242 4400 5000 


Fic. 7.—Helium: velocities from emission lines, reduced to one cycle 


of about eight hundred days. Figure 7 shows the velocities brought 
to one cycle by applying this period. The sine curve in the diagram 
corresponds to the equation 

(t— 4700) 


pe : ° 
V=15.5 sin 360 ae 


“0,5 


In spite of considerable scattering, the periodicity seems to be real. 
A surprising feature is the phase difference of about one hundred 
and sixty days, or one-fifth of the period, between the curves for 
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hydrogen and helium. As with hydrogen, high intensities tend to 
accompany low velocities, and vice versa. 

The displacements of the dark lines are decidedly less consistent 
than those of the bright lines. Their mean values, however, exhibit 
an interesting phenomenon. The average displacement since the 
development of the bright lines has been about —85 km/sec. In 
prior years it was much less: in 1915, —11 km/sec.; in 1919, —47; 
in 1920, —40+. In 1919 and 1920 the conditions which later led 
to the appearance of strong bright lines were evidently already caus- 
ing negative displacements of the dark lines. 


E. IRON LINES 

Iron is represented in the spectrum of B.D.+11°4673 by numer- 
ous emission lines of the ionized atom. Many of these are well 
known in the laboratory, while others (the “forbidden” lines) have 
been observed only in the spectra of certain peculiar stars. Lines of 
the neutral atom have not been detected. The observed lines, with 
their series designations, are listed in Table XI. The wave-lengths 
and intensities are given in the first two columns. An asterisk in 
the second column indicates that the line has not been observed 
in the laboratory, the wave-length having been obtained from the 
solar spectrum.’ The third column gives the inner-quantum num- 
ber transitions. The usual convention of placing the lower term 
first has been followed in the multiplet designations and the inner- 
quantum numbers. The actual atomic transitions which produce 
the emission lines are, of course, in the reverse direction. The atom- 
ic relationships of these lines are shown by a Grotrian diagram in 
Figure 1, Mt. Wilson Contr., No. 354.’ 

The estimated intensities of the normal lines, Fe 11, and the for- 
bidden lines, [Fe m1], are given in Table III. It is obvious from the 
plot of these intensities in Figure 8 that both groups of lines are 
variable and that they do not vary together. The relative behavior 
of the two types of lines may be found by taking the ratios of the 
estimated intensities. These agree well with the estimates of the 
relative intensities of \ 4359 [Fe mu] and 4352 Fe, made directly 
from the spectrograms (last column of Table III). These lines were 

1 Mt. Wilson Contr., No. 318; Astrophysical Journal, 64, 194, 1926. 

2 Astrophysical Journal, 67, 397, 1928. 
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TABLE XI 
Tron Lines, Fe 1, OBSERVED 
LA. | Int 1.Q. Nos. ey Remarks 
Permitted Lines 
b4P’—a4F 
AE22;, Off teerats tee: * B= 2 
ALTOS ROW wars ie 8 Qe 4 
APRS oLOvn niacin * AE I 
A200 80% aa son 8 O32 2 
ASOQG AY = 300s = * eee ° 
b4P’—a4D’ 
4128.74.. * ae ° I measure 
4173.48... 5 ce 3 
ISR LOS 6 Samo 10 Bia 6 
ADT BURT We cicsarhs I Zoe ° 
AONE Cr eater © 4 22 2 
7 ly fy Cee oe Io 2-3 3 
ASOR SO eer ters 5 a! 2 
WALOSO Leer rerer: 8 I—2 2 Blend with [Fe 1] 
b4F’ —a4F 
AAGORILS aries tin 2 10 4-3 2 Blend with [Fe 11] 
4491.41.. 8 2) 2 
4515-34. --.---- 15 IS 2 
BRIO DA: tens eels 8 5—4 2 
4534.17.. * 2-3 I 
4555-90....---. 15 4-4 3 
4582.84.. - a iW tns ss Soc Too near 4583 .84 
4066.75.. * 4-5 a 
b4F’ —a4D’ 
4508 .29.. 15 a 2 
ARGO OA sie hc Io 3—2 2 
4541 .52.. * 2 I 
GAD AG wae a crete 20 A 3 4 
BROS cOA a arcs isisie 30 evil 4 
4595.70.. x 2-3 ° I measure 
a®S —a4D’ 
AQOE, SO kil hes eis x yee iilse Boenie 7 Too near NV 1 
AOR ORO Ae te iete * tee Minko Blend with neb. line 
AVGL- 40... eee es i BF. E 
a®S—a®P 
AO23EO2 te sciae oe 20 3-2 4 
5018.44.. 20 33 4 
5169.03.. 20 3-4 2 
atG—aisF 
SCHED cone c 4 Bae 2 
VV LOD al wimis. sor 4 Aa 2 
Ro 7ORCL aera ae is 5A. 2 
5310: Oamte bere 8 OF 3 
$325 56 Be, Cac, De ° A= ° I measure 
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TABLE XI—Continued 


Remarks 


LA. Int. 1.Q. Nos. oe 
Permitted Lines—Continued 

a®S—a®F 

Cptey il does ean me * eae UP aes see 
aiG—a4D’ 

RaTOR TOR ee aL * 7 an monae 

BOZO Th nian. aie * ail I 
b4éD—a4P 

DANS Senter as ° Ze ° 

GRATIS O ae aral? s I Sw, ° 

OAO7 e230 ns pseeeness x cs ° 

GAT OROZ atria er: ° 2—3 ° 

OAR OO eer. + 3 a3 I 
a®S—a'D’ 

OZOGr ACH Me aici: x Ba ° 

OAS2 OOM re. ne > 23 ° 

OS TOROOm ets eles ° Hil I 
Forbidden Lines 
a®D—a'S 

HOD TRA OR eye sararoelltshe = irene hia sim S33 3 

ABS OCSA cues ee tevallicicateoere et 4-3 2 

AVN SOX PNAS EA | cee MRE 3-3 2 

AAG 2 KOON mie he Ciautilie shoe alate lanes 2 3 I 

RAPT AT OO tires eer aiawadliex OSs as, 5553 hte Dae mame (2 eget EN 
a®D bP" 

AW 2S ROO Mntiveeys eal isiceses asts ss 3—2 ° 

ASSO ROOM aeislees|iorasarsie es ie! ° 
a®D —b4F’ 

AADONE Sey oeeiere (sts lls'-3-6 siscsyeista.s ete ee re oa 

HAG Fa O ee Seek Serer.s| topsite vsuet =! 16 4-4 fe) 

DAS OME TITRA RE: Sig | lensvstoycts eevee Zi Oe Bh cierte cuss Sie 
a4’ —b4F’ 

AU TACT Amer Ports |r 3 xis hee 5—4 ° 

ARS. Stes AR eo need (CRA eee B= 5 I 
a4F’ —asG 

Li Ona opal bee oo ae 5-5 I 

OAR OT 0: ar aks avs eilhayeinne crsoet el 5—6 I 

ADAAS OR con eile tall sta aide = sasuke 4-4 ° 

INAS ACI S3 fe tacecas et eee cae AI—=5 I 

AAT OWOR cit ee aol ol leisraue ots)= chal 3—4 ° 

AS GOSS ON chord ecko ai lleraie arsine De ° 


Doubtful 


Blend with a4Gs—a4F; 


x measure 
Doubtful 
I measure 


I measure doubtful 


I measure 


Not observed 


Blend with Fe 1 
Blend with Fe 11 


Blend 
Blend with 4243.97 


Blend with Sc 1? 
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chosen because they lie near together in a favorable region and have 
easily comparable intensities. The curve plotted in Figure 13 is the 
mean of the two determinations. The changes shown by the curve 
are decidedly greater than the errors of the estimates. 

The bright iron lines are narrow, fairly well defined, and with- 
out accompanying dark companions. The forbidden lines appear, 
in general, somewhat hazier than the laboratory lines. 

The measured displacements of the bright lines are given in 
Table X. The most accurate observations, depending on twelve to 
thirty lines in reasonable agreement, are given to the tenth of a 
kilometer; those less accurate, to the whole kilometer; while poor 
observations are inclosed in parentheses. The relative weights are 
about 4, 2, and 1, respectively. The results for forbidden transitions, 
[Fe 11], depend in most cases on three to ten lines and are consider- 
ably less accurate than those for the normal lines. The general 
agreement between the displacements of the normal and the for- 
bidden lines, however, is good. For most of the individual plates the 
difference, normal minus forbidden, does not exceed the errors of 
measurement, although this is doubtful in the case of C 1060, 
GC 2ca7,,and C2415. 

The displacements of the iron lines are plotted in Figure 8. The 
curve for the ordinary lines, Fe 11, shows maxima near J.D. 3200 
and 4000, and minima near 2800, 3600, and 4400, which have the 
appearance of reality. The eight-hundred-day period exhibited by 
hydrogen and helium is thus indicated by iron for several cycles, 
but ceases or becomes poorly marked toward the end of the interval 
under observation. Speaking broadly, however, the disagreement 
of the iron lines with those of hydrogen and helium is very striking. 
The mean displacement of the iron lines is algebraically less by the 
equivalent of nearly 30 km/sec., and the large fluctuations of hydro- 
gen and helium are not duplicated. Further reference to these facts 
will be made in the discussion: The curve for the forbidden lines, 
[Fe 11], is poorly determined but shows nearly the same mean value 
and range as that for the ordinary lines. Figure 9 shows the meas- 
urements of the iron lines reduced to one cycle with the period of 
eight hundred days. The sine curve corresponds to the equation 


o (¢—4540) 


V=8.5 sin 360 an 


ae 
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F. ALUMINUM LINES 


The lines of neutral aluminum, particularly the low-temperature 
pair, AA 3944, 3961, are well known in the spectra of the sun and the 


J.D. 242 4400 4800 5200 


Fic. 9.—Iron: velocities from emission lines, reduced to one cycle 


km/sec. 


+40 


20 


—490 


J.D. 242 2600 3200 3800 4400 5000 


Fic. ro.—Aluminum and nitrogen: velocities from emission lines 


cooler stars. A few weak lines in the solar spectrum are doubtfully 
attributed to singly ionized aluminum, but aside from this, no lines 
of the ionized atoms have been recognized in astronomical spectra. 
It is of interest, therefore, to find lines of doubly ionized aluminum, 
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Al 11, well marked in B.D.+11°4673. Lines of the singly ionized 
atom, Al 11, also are probably present. 

The first three columns of Table XII give the laboratory datat 
for the stronger lines of AJ 111, while the remaining columns record 
the observations of the lines in the stellar spectrum, where they ap- 
pear as narrow bright lines without absorption components. For 
the computation of the stellar wave-lengths the radial velocity of 

km/sec. 


Ne Da242 4200 4600 5000 


Fic. rr.—Aluminum: velocities from emission lines, reduced to one cycle 


the star was assumed to be —18.0 km/sec. This value, derived from 
measurements of the bright iron lines, has been similarly employed 
for all the following tabulations of mean stellar wave-lengths. 

_ The Al mtlines Ad 4512 and 4529 are accurately measurable and 
yield accordant displacements, whose mean values are found in 
Table XIII, and are plotted in Figure 10. The first portion of the 
plot shows large fluctuations in the eight-hundred-day period. They 
seem to cease after J.D. 2424800, but this appearance may be an 
effect of the distribution of the observations. When the measured 
velocities are reduced to one cycle by using the eight-hundred-day 

t Paschen, Annalen der Physik, 71, 142, 1923. ‘ 
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period, a fairly definite curve is obtained (see Fig. 11). The sine 
curve corresponds to the equation 
(t— 4680) 
800 
The only badly discordant observation is that depending on three 
platesin 1919. The lines are poor on these plates, but the mean value 
has a probable error of about 4.5 km/sec., which is small compared to 
the divergence from the curve determined by the other observations. 
The stronger lines of Al 11 are listed in Table XII, together with 
the stellar lines which lie near their positions. The lines are weak 
TABLE XII 
Lines oF ALUMINUM 


V=18.0 sin 360° 20.01 


LABORATORY B.D. +11°4673 
LA. | Int. | Combination LA. No. of Plates 
Alm 
ATAO OO Saisie Ses on ee & 4D:—5F;: 
AEAQ GOD cranucitole Sard «ts z: 4D:—5F, 49.98 4 
ALEOREA ceitttsne ohare Gos I 4Ds—s5¥F 2 
AATOROO  Patares cite ee ze FH ed ST acre rs CPM CHORIN Doar AChE OE NISL 
HATO DO aio nai. erg sie ee or 4 Pf en eters aturd Peis Crchens cacio'a 
pA AR Oe cine wer eee ae toes 4 4P,—4D, T2745 I4 
AONE rte terortar ac. dee ant I ART AD a0 Lo op essuenctckiellaeite eee 
AR OCVON Sitch a ee acetate 6 4P:—4D xs 29.18 23 
BODOG ttn cone sie aes 6 4F—s5D OL.7 i 
BD ROWOO caarand nema ac, abate 6 SME Neh. ec say saceecr lta cts kaon eerie 
STORE OO AINE eee ones ae 7 BE BV a II codec tire tae Pena eee 
BOOO Aiea essa 8 4S—4Px So 2) Seka atop 
DEoG Ober eee ee ee 6 4S—4P, So SOH aa oer 
Alt 
BNOONOS ae ie eras 10 3'P—3'D 00.56 2 
QOS ODI Lean oely eh cava esl ic tenn aes AST) TORE) ol ceme ay toceccrices etek eee nee 
BODO OL eta a ative eet niet te ey cae 43D —o3F 27.46 I 
PASO 5 Oe eee Gen 6 BEN). — Seige |» \ilaretzra cu eats Grae |e ee a 
ALOR OO Cn erect all EATS is aera 4D—8F 88.54 3 
AOUREOR Mer cca ey eae Ir 3D —7P 63 .08 8 
OSD cz avers. alae tae aerate 6 53P:— 83D 81.62 
Rs aa ae. 8 33P,—83D ii : 
GOO Ob nid on tere kate 6 STP =D iliccatapeea bocr'| ee eee ee 
tS Cee RUE RES Oar Io id ee (1 0 Ad Peer ince ae rd no Sal Se 
OF: Aye ee ess irae rae Io BPD Jlieiess one netalee a eee 
* Near 3900.53 Ti. } Near strong NV 1 line. ¢ Close multiplet. 


_ § These lines are in a region of the spectrum which is poorly observed. Perhaps faintly present on 
grating plates. 


t Sawyer and Paschen, Annalen der Physik, 84, 1, 1927. 
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in the star and the correspondence is incomplete, but the line \ 4663 
seems fairly conclusive evidence of the presence of singly ionized 
aluminum in the star’s atmosphere. A few satisfactory measures of 
this line are available, and these give displacements agreeing with 
those of Al mt (see Table XIII and Fig. 11). 


TABLE XIII 
DISPLACEMENTS OF ALUMINUM LINES 


Al ot Alar 
Plate J.D. ee d 4663 
2420000 km/sec. km/sec. 
PSA Se SOlarsas) Seine +2207 GP tee asia, 
BA Oe tara altar tiete 2513 (— 8) = 9 
OAS eee rast ace 2571 (— 1) — 7 
TOO wae ese sre 2861 ROM Pe atid 3 Ay cates oe 
si ok a rata tee coerentt 2913 Se al (SCO ar 
TSOO gets + 2976 —30 —45 
EVA'S tre stcrenaioicienh 3217 aC (nso cena Ses ree 
TO QO tet ckhs wiesin amet 3276 See 3 See egetrnnica tehcusn ue tees 
SAAD iad eat om ei 3604 earn 3) eter etal ae 
DATO iw coat eae ne CoE 30904 —— i an ele nes 
OG RAS sere ee MOE 3803 eo cad epee meters cre 
DOO Deen aioe 3986 apitre (lananesocat 
BO D Aerwertc cola oheveke 4098 taal Obie lercreei nse tthe 
BS eae yates cee 4338 —20 —42 
AT We ostrad peiage soe 4425 —A7 — 36 
BOT lee Meets eevee 4656 (CS 2Y Oe ofl cea rene ee 
SOR a cuncrocy in see 4740 AT 7) ok, | ome fee eee ee 
TE tee nee cee gs 5054 (S37) ot rome eee coe 
ANN Syte Sactorc a aerate 5133 (<8) A ye eens cae 
Neo Ornteevenyecnac Aisi 5426 ea BOVy (UN Resa © ciel 
ROU Meare cesta to 5525 {—=TE) Pen vo) Se tse cae 


G. NITROGEN LINES 


The ionized nitrogen lines, although not very intense in this 
spectrum, are of special interest because, as with iron, both ordinary 
and forbidden transitions are represented. The laboratory lines, in- 
cluding \ 3995 and the group near A 4600, although not uncommon 
in absorption in class B, are of infrequent occurrence in emission 
in stellar spectra. The forbidden lines \d 5755, 6548, and 6583, have, 
I believe, not heretofore been observed except in nebulae. It is possi- 
ble, of course, that a very small peculiar nebula surrounds this star. 

The correspondence between the spectrum of NV 11 and the stellar 
lines is indicated in Table XIV. An asterisk after a stellar wave- 

«Fowler and Freeman, Proceedings of the Royal Society, 114, 662, 1927. 
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TABLE XIV 
Lines oF NITROGEN, V 0 
LABORATORY B.D.+11°4673 
L.A. | Int. | Combination LA. Remarks 
Triplet System 
BOSS OG dav sanoes 2 23Py—23PG 2 | |[kcaltaracte at Weak if present 
385007 sane oe 3 23Po—33P xr een ne ee Near 3856.02 Sz 11 
AOOLRAO Meter aya rcrans 8 13P{—23P, or .87* 
A OOM MT sp once c aeaes 7 13P,—23Py 07.97* 
AOLZROOn acer 6 13P{— 23P, 14.43" 
AG2ITAO* na eects ws 7 13Pi— 23Po 21.46* 
BOZO nS here setae 10 13P,—23P, 31.04 
ANG). 8 a ft ORR aa 8 13P,—23P,; GY Irate 
Hi fs Laine enn ee ae 4 BD{—1BD, 80.3 1 plate 
7G fates heey keri ey 5 BDi—32BD, 88 .04 
FU OL TAT Ps CNA 6 BD3;—13D; 03.10 
AQSTAGO Ane ee ork 4 139i — TS RA lleryeteerroree 
AQGAE 30 tes mia seh 6 13S{— 13P;”” 04.2 1 plate 
I oral cs ee 7 13S{—13P4”” 
Brae e a Orit: ooh iS asP,—a3D} 34.9 1 plate 
Singlet System 

BOOSLOO vst sees 10 PPi— Py 95.20* 
AAATEOA Meira fetes. be) 2Di:—17D,? 47.29 
ay Ned Whey dc este Rene ee 8 rPi—2*D: 83.0 1 plate 

Intercombination * 
BOSER ON erect ser 6 3Pi—1'P, 55.95 | 

Forbidden Lines 
(57 SADS) re are tert| ene eeee a™D,—a'So 54 A real line but meas- 

ures poor 

(ESAS a7) cee nn che ti eee aae eta a3Pi—a'D, 47.8 
KG S306) ce eee re go ee eer, a3P,—a'D, 83.4 

Unclassified Lines 
A220 -08-n60 sce, ne ON MA eee ea eee BOR 7x 
ADA OO Hitec terete oe BI il eek eevee eens 42.03 
AAZO LOS MeL ee oe OL nls haa tsog ee ee 26.2? 1 plate 
Hi Ss Ap ARRAY ae SRA By TB Dat, Meester \ 
BALI RO VM nese 2S ne Se eens if 27.68 
BAS 2d T oars 5 lcbaes ONG Balter 32.60 
ALALROO aloes BT |lnercett mem aereiee 41.96 
ADOOSUOL Re eis O° pill icnle Geo acne pe eee 10.3 1 plate 
SOR 2O suisse) lec yeah | ea tanteranee yee 95.0 I plate 
OOLONSS 5 tics ene ae ES aera snrey yeah 2 IIl.g 1 plate 


a ie a ar el ge 
* Both bright and dark components. 
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length means that both bright and dark components are present; 
for the remaining lines bright components only have been observed. 
The line \ 4631.04 probably deserves an asterisk, but the presence 
of the strong iron line \ 4629.33 prevents a definite observation of 
the dark companion to the violet of the nitrogen line. In addition 
to the lines listed, the stronger members of the 3D’—3F’ multiplet 
are perhaps faintly present in the star. 


TABLE XV 
Nu, Emission minus ABSORPTION 
(Angstrom Units) 


Plate d» 3005 d 4601 4607 r» 4643 
CARO Ae PR TC ar lata lavas hetero eo elt Sa horgore Ai ee TEAAN. 0) |e cra a eteveae ees 
TOOO Meat palace rash nasa a 0.68 1.08 1.47 2.56 
DLO Srearackersrareveis Nueces. sa + -95 TO I.42 2.36 
TPAC earay ey sores Pin’ sys css eisesl Pee/e caer emae ae 1.38 1.46 1.89 
YAS MUERTE citar ste oA cette sel aie avait ieee A eee on SA 2.02 taco 
TiS 2 OPN et ea Mare vera cate | aA velansraknata Sie | Maroney eet carete I.gI 2.28 
DEMS 0, ety eR are ERO Nene a ieregeeeeorae 1.59 ner amen Be rts yeni 
ATS MWR tayay) aes eseuero ne  ae« Ov OS an leer oeml ane meet veagy ete | a aia carecetenaet: 
AS 2 UNIAEA forreniisin asi Saran tend ss 1e | sker hes Gree tae Tesh eee | ceeasceriesstesmay laine vaya ater eas 
BO TAN revaencn a le te ea we Actes I.03 2.48 1.89 2.01 
BAO 3 eliogesereet cc seusre ate: cesses 0.89 .96 Tero 2.00 
BOSS a yewhls cia sslateras- a ore O©.OA” | |necratverintaenenrs TEA OU Screen ceete 
ASO Dee ees Sahay ee atl Gs (ace aeie.| hecoacclions ik RicTs | Soesaga tata es oxeysi| eaeiar a state, w Sei cn 2.39 
BOO eteaeers ia cts aa, sattiats Gai ye eit Sieh aS eae 252 2555 2.89 
ROR ORs Pra eral triers: she statis | Poees: warns Kos we TOO OM |" ce ome ints] torneo 
IVC Ain are terteeteenerses Stays eres 0.89 1.59 1.66 2.26 


Most of the nitrogen lines are weak at best, and it is accordingly 
difficult to trace their variations in detail. Inspection of the plates 
shows, however, that, like the helium lines, they have been stronger 
since 1921 than before. The behavior of the strongest nitrogen line, 
d 3995, clearly parallels that of the helium lines. In 1915, 1919, and 
probably 1920' it was an absorption line, while from 1921 on it has 
been a well-marked bright line with a dark border on the violet side. 

The measured distances between the centers of the bright and 
dark components of four lines are found in Table XV. With the ex- 
ception of \ 4643 the relative displacements of the dark components 
are about the same as for hydrogen and helium (see Tables IV and 


t The region of this line is poorly shown on the 1920 plates, but the line does not 
appear bright. 
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IX). \ 4643 is in a somewhat confused region and may be interfered 
with by other lines. 

Apparent radial velocities derived from nitrogen emission lines 
are found in Table XVI and are plotted in Figure 1o. While the 
accuracy is not high, it is sufficient to show that the behavior re- 
sembles closely that of helium (see Fig. 14). The velocities reduced 


TABLE XVI 


RapIAL VELOCITIES FROM Emission LINES 


Plate TD; N Si Tt 
2420000 km/sec. km/sec. km/sec. 
CR erate ee +2205 > nce weietan eee —=257.5 07 er 
AOTC Nr ee 2 OOO) sama ites cence oe —2i 25 
AEG MECN ee sek reac tas te ee B2OO7) WOW p teyecely cacronlliais a teas sree —16.7 
AO Precempoe tray eects BOOT. Ow Sing ack. <cpoeaceee te ditie Serre —16 
AO i Nese tstetal= ism otter foot tie 2208 efor Ee albae ae wheres —25'.0 
if Wace SP Reshe ie Saar ia DQOG AY -Ulig Make ese res Gradina ARR — 71.0) 
WG Be gctaes. gration eee eae 2513 fe Bie ie Fei oitevoa ce [tore eee 
OA Zia SS weruetceer Saas 2571 ss ink a ER (RR PR re S| sth one cucdetn oc, 
LOOO Re art eree a eta 2861 = 79) | |W aesot —=30-b 
DT OSG chsvanrattey csi cae 2913 10,0 +17 9A 
EROOAis whew aie vis ei eS 2976 Se coreilt +11 Tol 
1107p neers Neale eae ROn OM Oey then fF 227, 2 EcA,  Ulbasineban secre: —24+ 
BOCA G Neo Rome ate Fe oe 3276 ST ee ae Maaco raer omens cores Grcee foe 
BARGE N eee ee 3604 — 9.7 +10o+ fae ae 
SADC re Reason. oem te eens 3063 BO." leavace aoniayate anes || aie cee eeered eee 
PATO Veg ey eens tat ote 3694 Clawte dentate iene 6c —Tot st 
DSO? ony nate Me othe oe Ts aes 3986 +12+ “PAT AS Veneta 
2th a ne oe camer orale Wee |\nhaneces he Sh ee ati (EE ee: 
CORE ely jo Vite ras Renee le Shine cea 4098 SOLAN Wisi vers An eee | Oe ae ee 
BAOR rave e. 7h are ori siento 4338 wm Oud — bi rebairetecn sie) seameneeel| one eee ene eae 
BRATos eur reas bau a oe 4425 STD lilisverene qishanel Exees | cree eae 
3OS Gacaneuce anne oe ne 4740 Sees! faa Gci) |b axenic acai 
ARDEP ANS RENO. IFC se 5054 Bs od (eee eid fers (iclctotae olen 
AAT Oneter dt cont sere eee 5133 = Shae of-TAl ob) |\ Rene cements 
BOOM Eee = ete eee a ae 5420 TA Mey eee —T Tt 
(SLO ee es ee SAOLe tometer Pres — AA te | Ie eee ee 
CACO20% sarin er Aree oe ee 5525 on ree Pe ln, 658 aoe 0 


to one cycle are plotted in Figure 12. The sine curve corresponds 
to the equation 
* , > (t—4660) 
V =17.0 sin 360 ar i +6.0 
The apparent displacements of the dark portion of \ 3995 ex- 
hibit a decided progression of the same character as that of the dark 
lines of helium (see p. 235). Mean values are as follows: 1915, 
+4km/sec.; 1919, —37; since 1921, —62. 
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H. SILICON LINES 


Silicon is certainly present in the atmosphere of this star, and 
the behavior of its spectral lines is very interesting. Neutral atoms 
(probably), as well as those in the first three stages of ionization, 
are represented by bright or dark lines or both. As the lines are 
not strong and the observations of most of them are therefore scat- 


km/sec. 


+40 


Fic. 12.—Nitrogen: velocities from emission lines, reduced to one cycle 


tering and somewhat unsatisfactory, a number of interesting ques- 
tions, particularly concerning changes, must remain unanswered. 

Table XVII contains a list of the stronger silicon lines taken from 
Fowler’s convenient tabulation,’ with notes on their presence in the 
star. The evidence for the first three stages of ionization seems quite 
convincing; that for the neutral atom less so because it depends on 
one line, \ 3905. Among the lines of Sz 11, \\ 4128, 4130 are sur- 


t Philosophical Transactions of the Royal Society, A, 225, 1, 1925. 
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prisingly weak. It is interesting to note that this is true also in the 
spectrum of another peculiar bright-line star, Z Andromedae.’ 

Both bright and dark components of the Sz ur lines AA 4552, 
4567 have been measured on a number of plates. The mean values 
of the distance between the centers of the bright and dark portions 
are slightly less than those for hydrogen, helium, and nitrogen 
(see Table XVIII). 

TABLE XVII 


Siz1con LINES 


LA. Int. Spect. Series Star Remarks* 

BSS0.O2% ner 8 II Xr—2?Px 55.90 

3902,50..55 6 II X2—27P2 62.5 1 plate 

BOOSeS 20-45 |) LO I a’So—atP; 05.58 

4088 .86....] 10 IV 279 — 02 Pir we | reuters Absorption only 

ATOZ. OAc a. iS Tyla th eee eet A cee cece Too near H6 

ALLO GOs on 8 IV DIS — 947 eel anya Absorption only 

AXIS 05.55 8 II 2a SABE | enrstcrns 

ATO DO ndee|4e LO II ol D Fe tel On lee eur Very weak or absent} 

Ass2-05-5-c) 0 I 23S — 23P, 53.21 | Absorption with weak bright 
fringe on red 

ASOT ST onc. 7 III 23S —23P, 68.37 | Absorption with weak bright 
fringe on red ; 

ASTAG USS «iss 4 III BS — 2b) iepniates Absorption only? Near 4576 Fe 

AVTO,OOu ice 5 sN Gel eae bine tel laine 16.9 1 plate 

5041.06.... 8 II PAR — 3S) a | etautearere 

S050).02,...] 10 II 27P,—37D; | 57.7 1 plate 

§202.51.... 3 Th Sailer eorsee e On Na I plate 

5669.50.... 4 TT gis |\ehevers Meee eects anne ae In poorly observed region 

5720.62... 8 ETD Ge |ietee tt ns | ere In poorly observed region 

SOR? OT... 5 II 27P,— 378 A 

5978.07.... 4 II 2?P;— 338 79.01 

0247.00. 4-]| LO Ir 27S — 2?P; 47.2 

Eb p race sae 8 II | 275 — 2?P, 70.3 1 plate. Blend ? 


* Lines in the stellar spectrum are bright unless otherwise noted. 
t On a few plates there are barely perceptible traces of emission. 


A few measurements of the displacements of the bright silicon 
lines are collected in Table XVI. The lines are weak and the meas- 
urements scattering and inaccurate. The apparent velocities seem 
in the mean to be algebraically larger than those of iron and alumi- 
num, and to correspond more nearly to those of hydrogen, helium, 
and nitrogen. This is doubtless connected with the presence of the 
dark border on the violet side of several silicon lines. 


*H. H. Plaskett, Publications of the Dominion Astrophysical Observatory, 4, 119,1928. 
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The absorption lines are measurable on more plates than the 


emission lines, and are accordingly tabulated by themselves in Table 


XIX. 
TABLE XVIII 


EMISSION minus ABSORPTION, SILICON LINES 


Plate » 4552 » 4567 
CALL 3 eee ta een a r.2A 1.6A 
T3QO Ses ok eee Leet Ai | er eee gies. 
DEAD Hadi ereca «cesar eis ts ert ee ane eee ies Tee 
RAO PO nen to eID) CRNA IOTS 1.8 
ROB otate reat aula oe E25 T2 
LOY se ORS IDOE ETC ICP HOEY OAR RENT TOs WM Nie ye eaeeacee nas 
AAT Ohyeiers coaeice acinte Sore ate 1.2 1.2 
Means siee': ca aaieeiste creo Tee rd. 
TABLE XIX 
DISPLACEMENTS OF SILICON ABSORPTION LINES 
Si mr : 
Sit 
Plate Ar 4552, 450% dr apse aire 
km/sec. km/sec. 
Cee FC Omena ee Sulit can ee — 19 —30 
CE ies Sold Sea err eT Oriel) zecrerst nee ats 
GAD inte rits magia t Le eet, Ore eae T GM Pete erie aes iets 
WOOO Mee ieine fw aioli ce haces Set A Ne allo PRR RT Are 
TLOS ee ees eos Seas — ke —54 
TS OOM icles ict notes one seh Oho toned [Fane See re 
DAS teanactacs Seton dew cee FAOM. Pllate-esente a eva 
TSG ae nes tee cee aber ee tA be cree ee rate 
POOLS tee Soe eam en ie eer one — 74 — 39 
GAT REA ree Ree erates lo ee ee ns —40 
DATO Recreate we a eataccland ae keys) ao iw eet sore 
DIIGO sane csc 4s tea sain ast =—0'O5 seen | rete er 
DBO ack eave cus Sete esr ayeranai ae mos AAW tel tears maceees ere trey 
So) eS OER: Sone — 34 —9 
DROS nein alerts a tne lala cre = Ye! —30 
BOAT Na tician ni sis Soi = fi — 52 
RON Gt 2 OY Ore ate athen MCs AAR res WA See Scan ae e 
BOS Sire ane ee aes fe — 4h 23 
VKQON Sal eae a eee 8 sR | acvers os snaeeees oral 
LW the ey tyr a RS ERED CRT ROE Say et US oh oae nn dort 
ko! Ys tens Awan evo DocrOR Ears — 77 —58 
BOZO ee are fei ckersrsiies’ creusdsias == TOSI 8 Neate ieee oar ets 


I. OTHER ELEMENTS 


Titanium.—A few emission lines of ionized titanium (77 1) are 
faintly visible on a number of plates. These are indicated in Table 
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XX. Concerning changes in intensity, about all that can be said is 
that these lines were probably stronger in 191g than in later years. 

Displacements measured on a few plates are recorded in Table 
XVI. The mean displacement is nearly the same as for iron, the 


TABLE XX 
Lines oF JonrIzED TITANIUM, 77 11 
LABORATORY B.D.+11°4673 

TA. Int. Spark Classification* LA. Remarks 
Sioje elie Wee seen 70 a?G;—a?G{ 00.56 Blend with Al 1? 
AQQOLO aah occ oie 50 a4P,—a4D} go .09 
BOA RTON versie 40 a?D,;—a?D; 94.01 
AS OO n ON ans a caie et 60 a4P§—a‘Dj 00.08 
AZOL GOS Winks aise sas I5 a4Pi—a4D, o1.78 
MAO TOO nas eh Rite 40 atP,—a4D, 07.87 
(ACW Roh eY na 35 a4P3—asDj ORO) 
AALAROS aise wists | 40 a4Pi—asD{ 14.36 Blend with Sc 1? 
ARATE OD. oye vie wat 50 ped Beate BE ee Ao on Too near Hy 
ASGOTROT A Ashe sian Sele 15 b?F4—b?G{ 67.93 
ALOR OAn in vn ane 60 a?D;—a?F, 96.00 | Blend? 
AROQE inner inks 35 a?P,—a4D} 99.77 
APAREBOD otc 50 a?D,—a?F; 43.4? 
BAGS. AOe vs wiskbeusie's 50 VG p= a7, |eukewewes Too near He 4471 
ASOTE 2 wc sloa ce: 40 a?G,—a?F; O1.2 1 plate 
FACE Um ey {aaa 30 a?Pi,—a?D} 34.08 Blend with Fe 1 
ASAQEGA, «ou sncunent 6on a?Hé—a?Gi 49 .62 Blend with Fe 1 
ASWL OSs ote eee 5on a?H{—a?Gi fio 1 plate 


* Russell, Mt. Wilson Contr., No. 344; Astrophysical Journdl, 66, 283, 1927. 


TABLE XXI 


Lines OF IonIzED CHROMIUM, Cr It 


LA. Int. Spark B.D.+11°4673 
ARR G.O0e 2 eee ste) Near strong Fe 1 line 
ARR, OG sais 20 58.67 
ARGS COT annie 20 88.5 
AGUA ZOD cage ait Bae) 18.4 
AOSA OO se vee 10 34.7 1 plate; blend? 


behavior thus differing from that of 7 Carinae, whose titanium lines 
are displaced about half an angstrom toward the violet with respect 
to those of iron. 

Chromium.—Ionized chromium is barely recognizable by means 
of the strongest lines in the b‘F’—a*D’ multiplet. The laboratory 
and stellar measurements are given in Table XXI. 
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Magnesium.—The ionized magnesium line \ 4481 was measured 
as a narrow and very weak bright line on five plates. It is probably 
variable. 

Carbon.—A faint emission line measured on two plates at 
d 4267.0 may be the C 11 line near this wave-length. 

Scandium.—Weak emission lines measured at \ 4246.84 and 
\ 4214.36 are probably due to ionized scandium, although the second 
one may be blended with 77 1 4314.98. Several other strong Sc 11 
lines are doubtfully present in the stellar spectrum. 

Nebular lines.—The chief nebular lines have not been observed, 
but the red pair \X 6548 and 6583 and the fainter line \ 5755, 
ascribed by Bowen’ to N 1, are present. This accords with the fact 
that numerous laboratory lines of nitrogen have been measured in 
the stellar spectrum, while no lines of oxygen have certainly been 
identified. The line measured on ten plates at \ 4658.06 probably 
corresponds to the line whose wave-length in RY Scuti? was found 
to be \ 4658.08. Two plates, C 1193 and C 1399, on which lines of 
Fe i are especially strong, give \ 4657.30. This is probably a blend 
with A 4656.98 Fe It. 

Detached lines.—F aint absorption lines are visible on a few plates 
in the positions of Ca 1, \ 3933 (K) and Nat, Ad 5890, 5896 (Dz, 
D,). Approximate velocities yielded by these lines are: K (2 
plates), —17 km/sec.; D., D, (2 plates), —27 km/sec. The correc- 
tion for solar motion is +11.4 km/sec. 

Complete list of lines.—Practically all the lines measured in the 
stellar spectrum, with their intensities and probable identifications, 
are collected in Table XXII. For the computation of the wave- 
lengths a radial velocity of —18.0 km/sec., derived from the bright 
iron lines, has been assumed. Certain lines, such as those of hydro- 
gen and helium, to which the application of this velocity would 
clearly be inappropriate, are inclosed in parentheses. Special dis- 
cussions of the positions of these lines may be found in the preceding 
pages. The intensities are visual estimates with the measuring mi- 
croscope and make no pretense to high accuracy. Nearly all the 
lines vary in intensity, but it was not considered feasible to indicate 

t Astrophysical Journal, 67, 1, 1928. 

2 Mt. Wilson Conir., No. 340; Astrophysical Journal, 67, 179, 1928. 
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TABLE XXII 
CompLeETeE List oF LINES 

LA. Int. Identification Excitation Potential 
(3835) mereminciet see 2 35.90 Hn 13.4 
BOCC)OOe a « cis cie aie ais I 56.02 Sill 10.1 
BOO eens acts cele it 62.59 Sil 10.1 
(B880) See ansaeristacets 3 89.05 Ht ress 
BOQOO 2 SOraiee cracls aoe I 00.53 Tim, 00.68 Ali 4.3 
BOOS us Oe ale eerie I 05.52 Sil Gist 
(6033) = Sacrte cers rien I 33.66 Cam o.o lower term 
BOs oa 0 err rere [WEE PS Gee Omicicc AIO rorm ooo Or boo boon oone manos. 
3955.95 AACA RC uIacn. ° 55.85 Nu 205 
(3004) =e aera. ee 2 64.73 Het 23.6 
(3070 eevee rare as ee 5 70.08 He 1383 
BOOS RIO ce cee ew aieleres 2 95.00 N Ir DIS 
(OOO irtncte ragureerrel: I 09.27 Het 24.2 
(O26) aeeeta ae terse 4 26.19 Het 24.0 
AOOTTO fess een t oan Oo |e sdadtetone Witenes a ew attain cove Soya sere | laced ane neve Ne ge TOLER eet 
(BOSS eae eeces ae hae 2 88.86 SiIv 24.0 lower term 
(ATOR) Slice seve ree ae) o1.74 Hb 13.2 
CANTO) BERD coreacten 2 16.10 Si IV 24.0 lower term 
(ATO) Ges etecrere create ae 2 20.81 Het 23.9 
ATEZROA coets cco ena 2 22.67 Fe 51.6 
(ATAG) Ree a eeiaree oot 2 43.77 Het 24.1 
ATAQVOG Reale eset e ° Trip. Al m1 Dyes As 
BLUR AO cae atten +08 3 73.48 Few Sik 
Hie GRAM Poe EO Creo I 77.22 [Fem], —? Be) 
ALT d arate eed oaieiee 4 78.87 Few ies 
BIOPES We stealer are OP =|] Ricadtdatns Som ile ahi artis ave, | aeireee aren Parente 
7G ty ORR ACNE 6 33.16 Fer 5 
Ae BET Lit eet ory acenete = ° 36.98 N 1 ? 
pC alas OF prune ches wey Re co FE Pee noes ohne Comarca Sc cerchaeuna rn aIDIb dc 
FISH CR Se% pede aA OR iCEeI AS ° 41.80 Ni A iy 
AZAARIN preserve itty I 43.97 [Fe 11], 44.85 [Feu] City Zhao 
BEAQCOA occa re nee ° 46.83 Sc Ir Bn 
Tay Was Beaty oye eee ot oie PR Pie eet reron ocean (ro ocho ctamolaay ci 6 
BIS Gel Secrets ne I 58.16 Fei 5.6 
7 Oy Pho on. elem see sen cole ° 67.27 Ci, 67.02: Cm 20.9 
AAU ia Eee, a eetneree ° 73a Del 6k 5.6 
FOL) fle Oy ae 8 Oe Ot I 76.87 [Fe m1] Bre 
AD ERO AS 1 sgecccwior: a ae eM hon eee Eee Panna RN REIT 4 Ao Bcshn's bon 
ADS Drakes ciate peste ©. ©] Cele iiabe Maveeere wale tee aces taieie Ole | cre aatee ie oe eee 
ho SRA ACs ieee = ose 3 87.40 [Fe 11] 2.9 
A2OOLOO ME ey etre ise ° 90.23 Ti 4.0 
A204 OU Mate a Re ° 94.10 Tin 4.0 
AQOOLST oie ie See 2 96.56 Fei 5.6 
AIOOROOiye crcly eee ° 00.05 7111 4.0 
AZOL ST Ose caine ° o1.93 Ti 4.0 
AZORES cee emeh eh the 2 03.18 Fem 5.6 
ALOTUOT cece aot eee ° 07.89 Tit 4.0 
TEM Er yal ote, DERN, Pa fo) 12.88 7111 4.0 
ASIA SZ Oitse ee re ee ° 14.09 Seu, 14.98 Ti rope dete) 
AGL eR Dinas athena ees OD ||| cucicimteerate ete Sietecae reuse eles cere | eter aa mene erie ere 
ARIO 00 wee eae eee ° 19.64 [Fe 1], 20.73 Scum? Cyt i 
<ASAG) ea ee ae 18 40.47 Hy 13.0 
BZA SG pets cae het neat ore eM Ci earner meet tee mins ono Sota aoc 
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Int. 


PNHHODIOWORHOHHNHNHNHNHHNHNONKHODODOOHHODOIDOOHDODDODONNHNODOONNKHHOODOOHNOOW ODO 


a oe Re EE ATE 
.80 [Feo] 
.38 [Fem] 


.o5 Niue 


.99 Nu 
.80 Tim? 
.04 N 
.09 [Fe u1] 
.96 [Fe 11] 
.46 Tim? 

.48 Het 

.33 Mgu 

.2t Fett, 88.77 [Fem] 
.41 Feit 

.27 74 

.29 Fem 

.54 Al nr 

.34 Fem 

.24 Few 

.64 Fei 

.18 Al mt, 28.91 Al ur 


Identification 


Excitation Potential 


wh 


OMAMNONWAN HWW 
bS 
ioe) 


i>) 


82 Petr 
.48 Fett, 49.64 Tin 
.65 Sz tr 
.9o Fe tr 
.66 Criz 
.87 Si 
.98 Tin 
78 St It 
.31 Fem 
.84 Fei 


On CU HMND 


9 .5 lower term 


AMnNMHnNnN ANNUM 


man 
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TABLE XXII—Continued 

TAS Int. Identification 

ASO SROUr aero os ° 95.70 Fei 

AGOIS aaa oreo I o1.49 Vir 

AOOTRO ner eee ee ° 07.17 Nir 

ATO 23 se cc cet Je ° og .60 N 11 

A OLA RAS Ta ctncumanenee ae ° 13.88 N 1 

BOTS LA Ne eats eons ° 18.84 Crm? 

AORTRAO Cet nin Meare ° 21.40 Nir 

AOZORD Tie nseo ary aici 4 29.33 Pell 

HOS ECOA Mak eceysssctivn tse I 30.55 Nir 

4043.73" Fihics toon cient I 43.11 Nir 

BOAG RS Secnenre ere aes ° 

BOS TnL verison ° 

AOS SY O07 mrcntee pare I 58.08 Neb. (56.98 Fe 11) 

AGO Oden an tistics I 63.05 Ali 

AOGO LTO orca cie eer I 66.75 Feu 

AGTOsO Sein tae ena a ies eae ° 

Clan hee nian citer 4 13.14 Het 

AW ORO Wve cre fehey ote ° 28.09 [Fe u1] 

AM BU SAO vate vung sates I 31.49 Fem 

7G Cao aie dg ON ae PEN ee ° 

ATTA Orta tas rete aera s ° 74.74 [Fe 1] 

ANOS ROA Cua ait sain eee fe) 88.13 Nu 

ABO NOs att spear eee I 03.27 N i 

AG DA NAC eats wees were I 14.55 [Fe] 

{1 BOn) mae Seana. we 30 61.33 

rhetel s Vege nerd ae ee a ° 89.66 [Fe 11] ? 

ASOS Om case ke satin ° 95.20 N11 

CAOSTNN EE rawr cig hi hae 4 21.93 Hel 

BORO Si cisars srsiciclaiea aes 4 23.92 Fei 

AQOAND sete ina anaes ° 94.360 N ir 

POOOM Gr rs aint ons alt inays ° o1.13 Nu, o1.47 Nir 

POON MO Mane nnn’ he ° 05.14 Niu, 07.31 Ni 

(OTC) See erat ics 4 15.68 Het 

ROL OA Obeanc nate ig 4 18.44 Fer 

SINGS fe. Alpin eae ce I 56.02 Simm 

OTe pte akin aa eee ° 58.05 [Fer]? 

RROD Ste eee eee Z 69.03 Fe 

REQ es Oats cyevere ie aeiere are 2 97.56 Fel 

SOTO OETA Bp Pacis yee TORSO ° 02.51 S111 

ROSA WRN crater siete) caters aes 2 34.62 Fem 

On Ome eieraals teicte eae 2 76.01 Fei 

Rowena so galing e ieee 3 16.62 Fen 

ROE 83 Shoat Ache A ° 25.56 Perr 

R05 RO Rertsae Chere n ae I 62.87 Fei 

BS SARG cee case Geis I 34.84 Fei? 

5754--- 2222s e seer eee ° [NV m1] 

(5875). Peete RIMM stone 8 75.62 Her 

(5890)" BET eae rae I 89.96 Nat 

KS800) Sree et rere I 95.93 Nat 

ONGY is? or sr APE ae I 57-01 Sinz 

Chey (rom ataarke Sen 2 78.97 Sit 

GTAT ROS ae erie = cee ° 47.85 Fem 

CPU RE ee aOR Cee bk ° 47.50 Feu 

G2LS sO aio aiotieiers S05 6 2 


Excitation Potential 


I2. 


bd 
AND WKN OO OWAD WHANNNNH WHANhD 


on! 


AAAKAA AIRWOOORRA AIWHNDH OO 


as) 
QW 
+0 


re) 
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TABLE XXII—Continued 


LA. Int Identification Excitation Potential 

OBA Rae aero ait. cit 2 47.09 Sim Tour 

BVO rer aac ar tees I 7E 2090 LL, — 10.1 

O28 4s Brrr ta aercrai aes I 83.82 Fem? ig 

GAOP ES eevet Gra ie siarn ° 07.32 Fe Gite) 

OAT 7s Anata atest ergs shes ° 16.92 Fem? 5.8 

BAD cOiecrerietasaed fein ° 32.69 Feu 4.8 

[OVI RoR alan eat PR Kil Bl aeiigte areestornles si aiduetadeiso olhiey sl bee tanutacs wang heen 
OS Olu aeiciat ses hahene sae > I 56.39 Fei 5.8 

GADD Btremrt se css ie. s<c10. OMe Mle medina ee mor twe hone b SOs [Memes aera eras 
ORTO SS pixie craps. sis I 16.08 Fem 4.8 

GRACES certinchs aris to ae 3 [N 1] 1 yo 

(C502) eee: corte ays 100 62.79 Ha 12.0 

OR GA AN a teuipeetiec) eo 4 [NV u] 1.9 

(COME. Sa olan oe eae 4 78.15 Her 23.0 


Most of the lines are in emission; those which have an absorption component on the 
violet side are marked with an asterisk. The wavelengths and intensities for compound 
lines refer to the bright portions. Absorption lines are marked with a double asterisk. 


in this table either the mean values or the variations. Instead, two 
plates, C 1193 and C 1399, taken when the iron lines were especially 
strong, were chosen as a basis for the recorded intensities. The ex- 
citation potential in the last column is that corresponding to the 
upper of the two terms involved in the production of the line. It 
represents the energy required to change the atom or ion from its 
lowest state to one in which it can emit the line under consideration. 
For absorption lines the excitation potential is that of the lower 
term. 


IV. DISCUSSION 


Detailed data concerning numerous spectral lines having been 
recorded in the preceding pages, it now becomes of interest to com- 
pare the behavior of lines of the various chemical elements. 

Table XXIII shows the various ionization potentials of several 
elements in the stellar atmosphere. The columns headed I, IJ, III, 
and IV give the energy required to detach from the atom the first, 
second, third, and fourth electrons, respectively. The stages of ioni- 
zation whose lines have been observed in the spectrum of B.D.+11°- 
4673 are marked either by X for emission lines, or X* for emission 
lines with absorption borders, or X** for absorption lines. 

That the maximum excitation exceeds 33.4 volts (the ionization 
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potential of Sz 11) is shown by the presence of lines of Sz 1v; and 
that it exceeds it but slightly is suggested by the fact that these 
lines are in absorption and of moderate intensity. The absence of 
d 4686 of He 11 indicates that the excitation required for its produc- 
tion, about 50 volts, is not available. 

From Tables XXII and XXIII we note that elements appearing 
in emission only are Mg1, Alu, Alun, Sz1, Siu, Tiu, Cru, Feu 
(including forbidden lines); those whose lines have both bright and 


TABLE XXIII 


IONIZATION POTENTIALS 
(Volts) 
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dark components are H, He1, N 11, Si ut, while Sz Iv has only dark 
lines. Dark lines of Va 1 and Ca m1 were observed, but they originate 
presumably outside the star’s atmosphere. The behavior of silicon 
indicates that it is very abundant. 

The most remarkable event in the recent spectroscopic history of 
this star was the outburst of helium emission in 1921. This was ac- 
companied by a notable increase in the intensities of the bright lines 
of H, Feu, Nu, and Al ut. Lines of [Fe 11] and Si mt did not take 
part in this increase, while the behavior of numerous weak lines is 
uncertain. Curiously enough the enhancement of the iron lines was 
preceded by a decrease in intensity from 1919 to 1920 (see Fig. 13). 
The behavior from 1915 to 1919 is unknown. 

Since 1922 the curves for hydrogen and helium have little in 
common. Hydrogen and iron (laboratory lines), however, exhibit a 
general similarity throughout the whole observed interval. These 
circumstances remind one of the fact that in normal Be stars, bright 
iron lines are of much more frequent occurrence than those of he- 
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lium.t The conditions required for the appearance of bright iron 
lines in stellar spectra seem intermediate between those for hydrogen 
and those for helium. 

The forbidden iron lines behave quite differently from those due 
to the permitted transitions, as shown clearly by Figure 13. The 
curves for helium and forbidden iron have certain similar features 
but disagree radically at times. 


TAD. 242 2600 3200 3800 4400 5000 


Fic. 13.—Intensities of emission lines. The lower curve shows the relative intensity 
of the forbidden iron lines, [/e m], and the laboratory lines, Fe 11. 


The relative displacements of the bright and dark components 
of compound lines of four elements are compared in Table XXIV. 
The first value for nitrogen is for the line A 3995, the second (4604) 
is the mean for the lines \X 4601, 4607; that for silicon (4560) is the 
mean for the lines Ad 4552, 4567. To compare with these, the hypo- 
thetical displacements of hydrogen and helium at 4580 were taken 
from the curves passing through the observed lines of these elements 
(see Figs. 2 and 6). This procedure is necessary because of the rapid 
variation of displacement with wave-length—approximately as the 

t Mt. Wilson Contr., No. 334; Astrophysical Journal, 65, 286, 1927. 
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cube. As noted on an earlier page, the values for hydrogen fall into 
two groups. The displacements for the four elements are not greatly 
different in spite of the fact that the hydrogen and helium lines are 
much stronger than those of nitrogen and silicon. Whatever the 
cause of the phenomenon, it evidently has about the same effect on 
the atoms of at least four elements. 
TABLE XXIV 
EMISSION minus ABSORPTION 


ie) UN 
H (£88) ard eer ee ene LG 
Teo CAC8O) ena ements 1.6 
n ee nade Rea aon tomers 0.89 
(AGOA) bts reee icra eee MeN Teas TOG 
PY MI AVLolbr wan eee Goon oe ae 1.36 


Measurements of the dark helium lines show that their effective 
centers moved toward the violet with the development of the bright 
components. Even in 1919-1920, before the appearance of definite 
bright lines, the dark lines were somewhat displaced, as indicated 
in Table XXV. Similar behavior was exhibited by the V 1 line 
d 3995, and by the Siti lines \A 4552, 4567, 4574, although the 
change in the silicon lines apparently took place somewhat later. 

TABLE XXV 
DISPLACEMENTS OF ABSORPTION LINES 


IQIS IQIQ-1920 Ig2I-1928 

km/sec. km/sec. km/sec. 
THON taps ined Sieh Rates BOY Sah —A5 —85 
N Il 3995.---- +e eee: ap 37 S02 
St UI 4552, 4567, 4574 ag —=19 —69 


To facilitate comparison the measured displacements of the 
bright lines of several elements are plotted in Figure 14. All these 
curves have been given separately on previous pages. The inter- 
pretation of the displacements is a difficult problem. They may not 
be caused wholly by radial motions, but other plausible explanations 
are lacking. 

Preceding discussions of individual elements have brought out 
the fact that the oscillations are fairly well represented by sine 
curves having a common period of eight hundred days but differ- 
ent amplitudes and phases. Table XX VI brings together the con- 
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Fic. 14.—Velocities from emission lines 
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stants of such curves for seven elements. The third column gives 
the semi-amplitude of the oscillation; the fourth and fifth columns, 
the velocity and the Julian day when the phase angle is zero; while 
the last column indicates whether or not the lines are accompanied 
by a dark border on the violet edge. 

In terms of a spectroscopic binary orbit the meaning of the vari- 
ous columns is as follows: ‘‘“Amp.,” the orbital velocity (assuming 
the orbital plane to contain the line of sight); V., the velocity of the 
center of mass; “‘Phase,” the time when the source of light is in that 
part of its orbit nearest the earth. On the hypothesis of volume 


TABLE XXVI 
DaTA FROM BricHTt LINES 


Element At. Wt. | Amp. Vo Phase J.D. Dark Comps. 
km/sec. km/sec. 2420000 
EL een oe 1.0 20.5* +11.5 +4860 Yes 
Het. 4.0 TORS + 6.5 4700 Yes 
VATED Seca nyan caahs 14.0 17.0 + 6.0 4060 Wies 
4] m1. 27.0 18.0 —20.0 4080 No 
DOT ated ahi 48.1 7? —= DOW, Hltgsentud ence No 
Fem.. 55-3 8.5 —21.5 4540 No 
[Fe a1] 55-8 7 =O. |e oer No 


* Increasing? 


) 


pulsation, “Amp.” is the maximum integrated velocity outward or 
inward; V,, the velocity of the star as a whole; ‘‘Phase,” the time 
when the star is the largest. 

It is astonishing to find large differences between the data for 
various elements. Those for helium and nitrogen agree within errors 
of determination; the data for titanium and forbidden iron lines are 
uncertain, but resemble those for permitted iron lines. This leaves 
four groups which apparently cannot be reconciled: namely, (1) H; 
(2) Het and Nu; (3) Alum; (4) Tiu, Feu, and [Feu]. The first 
four elements in order of atomic weight have amplitudes of about 
18 km/sec., while the remaining three elements have amplitudes of 
about 8 km/sec. Hydrogen has phase J.D. 4860; three elements with 
atomic weights 4.0-27.0, phase about 4680; while iron with atomic 
weight 55.8 has phase 4540. Compared with iron, the lag of the 
three elements is 140 days (0.18 period), that of hydrogen 320 days 
(0.40 period). The V,’s fall into two groups, being about +8 km/ 
sec. for elements whose lines have dark companions, and — 20 km/ 
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sec. for elements whose lines are wholly bright. It seems probable 
that the latter value more nearly represents the actual motion of 
the star. That the relative displacement toward the red of those 
bright lines which have absorption borders is a true stellar effect and 
not merely one introduced at the photographic plate by the lack of 
symmetry is indicated by several facts previously mentioned. More- 
over, the displacement of the bright lines seems more or less inde- 
pendent of the intensity of the dark border. Apparently, displace- 
ments are found in those series of bright lines which are subject to 
dark borders even when those borders are weak or absent. 

Instances of anomalous displacements are known in the spectra 
of other peculiar bright-line stars, including » Carinae and Z An- 
dromedae. In n Carinae, measurements showed the titanium lines 
to be displaced about half an angstrom toward the violet with re- 
spect to those of iron and chromium.’ In addition, a general dis- 
placement of about o.2 A seems to have taken place between the 
years 1912 and 1913.” In Z Andromedae the difference in apparent 
velocity between high- and low-excitation lines seems to have 
changed from +18 to —7 km/sec. 


The immediate outcome of this investigation is an example of 
what a stellar atmosphere can do. A complete interpretation of the 
observations in terms of physical conditions in the star will not be 
made at once—at least by the writer. The general hypothesis which 
comes to mind is that of a star with an extensive, tenuous atmos- 
phere in which the chemical elements are well sorted by light pres- 
sure and gravitation. Neither the double-star hypothesis nor that 
of a strict volume pulsation explains the facts, although both may 
be involved in some measure. For example, a dark companion with 
a period of eight hundred days may cause complex tidal phenomena 
in an atmosphere which is on the verge of instability. Or there may 
be a special, temporary type of pulsation with pronounced effects 
in an unusually extensive chromosphere. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
March 1929 


1 Mt. Wilson Contr., No. 354; Astrophysical Journal, 67, 391, 1928. 
2 Lick Observatory Bulletins, 8, 55 and 134, 1916. 
3H.H. Plaskett, Publications of the Dominion Astrophysical Obs#aatory, 4,133,1928. 
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SPECTROSCOPIC OBSERVATIONS OF R VIRGINIS 
By PAUL W. MERRILL anv ALFRED H. JOY 


ABSTRACT 

A mean light-curve for the interval 1920-1928 is shown in Fig. 1. The spectral type 
is Mge at maximum and M8 near minimum. The spectroscopic absolute magnitude 
at maximum is —o.6. The curve of velocities derived from the absor ption lines resembles 
the light-curve, but that from the emission lines is entirely different (see Fig. 1). The 
bright hydrogen lines have their greatest intensity near maximum light, and their dis- 
placements behave in the same general manner as in o Ceti, but there are interesting 
differences between the two stars. The low-temperature lines of iron, magnesium, and 
other elements, observed in emission in o Ceti, are weak or absent in R Virginis. 

This variable star" has the large range of magnitude and the Me 
spectrum regularly associated with variables of long period. The 
variability was discovered by Harding in 1809. The following data 
are taken from the recent ‘‘Harvard Catalogue of Long-Period 
Variable Stars,’ by Townley, Cannon, and Campbell:? maximum 
magnitude, 6.9; minimum magnitude, 11.4; period, 145.4 days; 
interval from minimum to maximum, 77 days; spectrum, M3e to 
Moe. The period is unusually short for variables having spectra of 
type Me. The mean period for 390 variables with this type of spec- 
trum is 298 days,’ while less than 5 per cent have periods shorter 
than that of R Virginis. 

A mean light-curve (Fig. 1) for the interval covered by the 
Mount Wilson spectroscopic observations, 1920-1928 (J.D. 2422400- 
2425450), has been constructed from data supplied through the 
kindness of Dr. Shapley and Mr. Campbell, of the Harvard College 
Observatory. The curve is nearly symmetrical about maximum. 
Minimum is slightly narrower than maximum. The magnitudes at 
maximum and minimum agree closely with those found previously. 

Previous spectroscopic observations, while not extensive, have 
revealed the outstanding phenomena. The Harvard objective-prism 


tH.D. 109914, 1900, R.A. 125334; Dec. +7°32’; variable, class IT. 
2 Harvard Annals, 79, 157, 1928. 
3 Harvard College Observatory Bulletin, No. 862, 1928. 
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photographs showed a spectrum of class M with bands of varying 
intensity. Bright hydrogen lines were visible on nearly all the 
plates. A short series of radial-velocity observations at Ann Arbor? 
in rg15 and another at Mount Wilson’ in 1922 showed the apparent 
velocity of approach, measured from the bright lines, to be rapidly 


Mag. km/sec. 
7 —20 
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—30 
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—6o —40  —20 ° +20 +40 +60 days 


Fic. 1.—(a) Mean light-curve 
(b) Velocity from dark lines (see Fig. 2) 
(c) Velocity from bright lines (see Fig. 3) 


increasing at the time of maximum light. The same general phe- 
nomenon has been observed for several other long-period variables‘ 
and seems to be characteristic. In R Virginis the effect appeared to 
be especially marked, and for this reason among others a more com- 
plete series of observations was undertaken. 


* Harvard Annals, 79, 199, 1928. 
? Publications of the Astronomical Observatory, University of Michigan, 2, 54, 1916. 
3 Mt. Wilson Contr., No. 264; Astrophysical Journal, 58, 235, 1923. 


4R Leonis, X Ophiuchi, x Cygni, T Cephei: Mt. Wilson Contr., No. 264; Astro- 
physical Journal, 58, 237, 1923: 0 Ceti, Mt. Wilson Contr., No. 311; Astrophysical 
Journal, 63, 298, 1926. 
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The journal of observations, including, for convenience, the 
earlier ones, is found in Table I. 


TABLE I 
JOURNAL OF OBSERVATIONS 
Ass. LINES _ 
PLATE DatE J re | SWEAGs |G PHASE)" SPECT S 9 nee 
Vel Wt. 
days km/sec 

BAG NOs iaiase xe TOUS a Mare soe FORSS ule V7) ON l— 2 tel eee eee a eames. shane s —32 
TaN geal, ona RR ADEE TO s|"OOO4) me O) pind 2 eye a et aed aint eters 27 
NW AS Ge ps eye ass Way a7 in| O02 S| iessacdai| le =f="0G alles ace tec atin. Ie tei cel ele 44 
CORY raeraiods TOZO May, 32446 || “O.t) | —20 |PMGa5e 155, ac lees 27 
(CBee eee 1922 Feb. 12 | 30908 | 8.5 | +32 6.5e | —32 2 43 
(©, 8 Cohen ne May 15 | 3190 | 9.0 | —31 etch era ral Brome 24 
aes OU Ane TO25 a DeCm23) 1 45008) 0.3) 27 6.5e 23 0.5 22 
RLSGAL. i.e: Dec. 26 | 4512 | 9.0 | —24 Bhs oneal tener 34 
ROO Gace Dec. 26 | 4511 9.0 | —24 6e 30 2 34 
eT OOO cen 4 LO267 JanlZ0) eA 53080. 7 att 4.8e 26 I 42 
WaLAQZ Zig naa Heber seers sO (aera ees ites 32 I 43 
YETAOZS\: cuits 6 Feb. 18 | 4565 9.0} 30 Cee Wicct tesa bern ware 39 
(CRALOD§ secs: Nov. 14 | 4834 | 6.8 | + 6 3.8e 2720.5 41 
CORALS 3-0: Nov. 24 | 4844 7.5 | +16 4e 34 | 2 42 
PV UA OAT Geet. 1927 Mar. 10 | 4950 oI Hel (ana 0 | MON a neater Meer fe es 0 a oe 33 
pELASAQIG oo), Mar. 12 | 4952 O25 LO 6e 26 I 33 
COPA ZOR oe ci = Mar. 17 | 4957 TOM = LS 5e aa) 3s 30 
FY ELAO Leis ures Mar. 19 | 4959 ae | = CF 5 56 24 I 36 
WETAQUO |e oc Apr. 12 | 4983 | 7.5 | +13 Be. GE |e cies, are [taatexoees [termes 
paw GPlOe scare Apr. 17 | 4988 7.8 | +18 6e 27 2 40 
CrA2d6 ee oe May 8 | 5009] 9.2] +39 8e AQ" I Ors 38 
Ce Aor Naas May 14 | sors | 9.6} +45 8e Boul Oise 39 
(ASSO eee Dec: 22 | 5237 7201 23 6e 26 || 3 30 
(Oe AO eo, 1928 Jan. 4 | 5250 Tae LO csc 28 I 31 
GAOT Hie x Jat Ss | 5252 7.2) — 9 4.5e 23 g 36 
CRAG 22 fons: Jan. 6 | 5252 7,2| — 8 ARSED wary onl eee 31 
CHAGODT. ie Jan. 30.5276 |! 7.2 | --16 5e ae I 29 
(CS AGS eee Feb. 4 | 5278 | 7.3 | +18 5e oF 2 43 
A070 ae as si Feb. 10 | 5287 8.1 | --27 O28 Culet oud tnceree a7 
GA OS24 3.045 Feb. 11 | 5288 8.2 | +28 7e 31 2 30 
(ON ols ilee gee Mar. 16 | 5322 | 11.0 | +62 8ep 22 | MOns 23 
GL ERC ees Apr. 8 | 5345 | 10.6 | —60 8 35 Toes 
(Ch AGERE eee Apr. 24 | 5361 | 8.8 | —44 725 29 | 0.2 28 
CRATOA eo. May 2 | 5369 | 8.4 | —36 6.5e 2A Or5 17 
OMASOL ais eek May 12 | 5379 | 8.1 | —26 6.2e 28 | = 25 
AOS OAR tys)ie3.<0 June 4 | 5402 620) |5—7 3 4e 22 2 36 
aa OO Tins s< JMDeIsT 1 SALOU s7et. | iA 4e 28 ||\- 2 36 
CaSO L cei June 27 | 5425 7.4.| +20 4.8e 26 2 37 
PYRE OAU:. Wrest July 5 | 5433 | 7-9 | +28 6.5€ 235 aE 44 
(OMASG2 ey. 5.5) July ro: 5438 | 8:5 |) +339) M6.s5e | —35 fi —43 

* to-inch camera. 7 Comparison spectrum displaced. 


The spectral type changes with the brightness of the star, rang- 
ing from M4e at maximum to M8 near minimum. The most con- 
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spicuous variations of the absorption spectrum are in the titanium 
bands, Ca \ 4226, and the chromium triplet AA 4254, 4274, 4289. 
All these features are considerably more intense when the star is 
faint. Similar behavior is well known in o Ceti‘ and other long- 


TABLE II 
PHASE AND SPECTRAL TYPE 


SPECTRAL TYPE 


PHASE FROM MAXIMUM 


Mt. Wilson Harvard 
— GO UA ySi.c-cacxut eee MS") 7 vce ureee 
A Ores cd ea oaks Groe oe tev eh peretne M7e Mse 
Fe TR VARY Ste Se ae LO REE Ms.5e M4e 
Oi wate ee araaee name sh avoryee M4e M3e 
SEBO heh eee WO oa ar tern Ms.s5e M4e 
sage toy Cet I PRM ect ar te M7.5e M6(e) 
mt OTe tee yy ds eerste NES (6) agers 


—60 —40 —20 o +20 +40 +60 +80 days 


Fic. 2.—Velocities from dark lines. Individual observations are represented by 
circles, normal places by crosses. Heavy symbols indicate high weights. 


period variables. The mean spectral types estimated from our plates 
and those derived from the Harvard data are shown in Table II. 
The absolute magnitude at maximum determined from the in- 
tensities of AA 4077, 4215, 4258, 4388, and 4490 in the same manner 
as for non-variable M-type stars is —o.6. 
The radial velocities derived from the absorption lines are re- 
corded in Table I and are plotted in Figure 2. Normal places formed 


t Loc. cit. 
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by dividing the observed portion of the period into intervals of 15 
days are shown in Table III. 

As in the case of o Ceti,’ the velocity-curve resembles the light- 
curve, the greatest velocity of recession occurring near the time of 
greatest light (see Fig. 1). The maximum of the velocity-curve 
seems to precede light-maximum by about 9 days, but further ob- 
servations are required to establish this beyond doubt. 

According to our observations, the chief emission lines in the 
spectrum, Hy and H6, appear about 50 days before maximum light 
and increase in intensity toward maximum, after which they become 
weaker until at phase +60 days they are barely perceptible. The 
average intensity of Hy is slightly greater than that of H6, but the 


TABLE III 
VELOCRTIES FROM ABSORPTION LINES 


Normal Places 


Phase Velocity Weight 
ETT AV Sader career rarets — 31.1 km/sec. 2 oy 
Ey BONS cee eaten eae Ys Pai eS 
ESO Se cire tease ai x ete aliav alan 23.4 10.0 
a GOI Ps an Can ain gee 28.6 4.5 
eT QO eng Ars even ansl 28.0 12.0 
SH fo Ra CR acest — 32.7 Heer, 


relative intensity Hy: H6 ranges from about 3 to more than 2. This 
ratio does not show a consistent correlation with phase, as the lines 
behave differently in different cycles. Bright H@ is not distinctly 
seen until about 10 days before maximum. It then remains visible 
until about 35 days after maximum. It is usually less than half as 
intense as Hy, but on a few plates it approaches equality with Hy. 
H¢ is visible on a few plates on which Hé is strong. Traces of He 
are seen on two or three plates taken 6-20 days after maximum. 
Bright \ 4202 Fe makes its appearance about 30 days after maxi- 
mum and remains as a feeble emission line until near minimum. 
A 4308 Fe and 4571 Mg are present as weak emission lines on plate 
C 4708, phase +62 days. These three bright lines are conspicuous 
in the spectrum of o Ceti and other typical Me variables, where 


t Loc. cit. 
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they are accompanied by numerous additional low-temperature 


lines not observed in R Virginis. 


Radial velocities derived from the emission lines are tabulated in 


km/sec. 


—40 —20 o +20 +40 +60 days 


Fic. 3.—Velocities from bright lines. Individ- 
ual observations are represented by circles, normal 
places by crosses. Heavy symbols indicate high, 
weights. 


Table I and are plotted 
in Figure 3. They de- 
pend very largely on Hy 
and H5, although meas- 
urements of HB, He, and 
H¢ have been included 
in a few cases. In form- 
ing the normal places in 
Table IV, plates with 
the 10-inch camera were 
given weight one-half. 
The velocity- curve 
derived from the emis- 
sion lines is decidedly 
different from that de- 
rived from the absorp- 
tion lines and from the 
light-curve. The earlier 
measurements showing a 
rapid decrease in veloc- 


ity at time of maximum light are confirmed. Compared with other 
stars," the acceleration is exceptionally great. This suggests that, 


TABLE IV 


VELOCITIES FROM EmIssION LINES 


Normal Places 


Phase Velocity Weight 
== OM GAYS? rat sane —24.5 km/sec. 3 
ei NON cee KS AEA re 31.4 7 
SRO or. Laine Cen eee 32.4 m 
iar Qh mau ended wigan wane 40.4 B05 
Fe DT lye ev veneers 39-7 8.5 
AGA Picante ty eer ee 40.9 4 
SUM ee ie TENS —23 Ove 


* See footnote on p. 264. 
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other things being equal, the acceleration is inversely correlated 
with the period of light-variation. Present data are insufficient to 
bring out the exact relationship. 

On plate C 4708, phase +62 days, the hydrogen lines are barely 
distinguishable from the continuous spectrum, and measurements 
of their positions are not reliable. Hy, 4308, and 4571 give 
fairly accordant values, however, with a mean about 17 km/sec. 
above the value for phase +34 days. This may indicate a sudden 
rise in the curve similar to that found by Joy in o Ceti." 

It must be remembered, of course, that the curves are called 
velocity-curves for convenience; the quantities actually measured 
are the effective displacements of the lines. These may or may not 
be caused by line-of-sight motions. If we ascribe them to motion, 
we should perhaps distinguish between atomic motions and gross 
motions (of a whole stratum bodily). 

From this brief study of R Virginis we infer that its period, 
145.4 days, is near the lower limit of those stars that have the special 
spectroscopic features typical of long-period variables. The absorp- 
tion spectrum is of earlier type and the bright lines are less intense 
than in variables with longer periods. Published investigations? and 
others now in progress at Mount Wilson show that variables with 
period or light-range less than that of R Virginis conform less closely 
to the typical star, o Ceti. They form a miscellaneous group with 
many different varieties of spectroscopic behavior. For example, 
the bright lines may appear at some phase other than maximum, or 
they may be irregular in behavior. Whether any of these stars are 
actually intermediate between long-period variables and Cepheids 
or RV Tauri stars is an important question for further investiga- 
tion. 

CARNEGIE INSTITUTION OF WASHINGTON 

Mount WILson OBSERVATORY 
April 1929 

t See Fig. 4, Mt. Wilson Contr., No. 311; Astrophysical Journal, 63, 298, 1926. 

2 E.g., that by Miss Allen on T Centauri, period g1 days, Lick Observatory Bulletins, 
I2, 73, 1925. 


269 


Contributions from the Mount Wilson Observatory, No. 38 
Reprinted from the Astrophysical Journal, Vol. LXX, pp. 11-82, 1929 
Printed in the U.S.A. 


ON THE COMPOSITION OF THE SUN’S ATMOSPHERE 
By HENRY NORRIS RUSSELL* 


ABSTRACT 


The energy of binding of an electron in different quantum states by neutral and 
singly ionized atoms is discussed with the aid of tables of the data at present available. 
The structure of the spectra is next considered, and tables of the zonization potentials and 
the most persistent lines are given. The presence and absence of the lines of different 
elements in the solar spectrum are then simply explained. The excitation potential, E, 
for the strongest lines in the observable part of the spectrum is the main factor. Almost 
all the elements for which this is small show in the sun. There are very few solar lines for 
which £ exceeds 5 volts; the only strong ones are those of hydrogen. 

The abundance of the various elements in the solar atmosphere is calculated with 
the aid of the calibration of Rowland’s scale developed last year and of Unséld’s studies 
of certain important lines. The nwmbers of atoms in the more important energy states 
for each element are thus determined and found to decrease with increasing excitation, 
but a little more slowly than demanded by thermodynamic considerations. 

The evel of ionization in the solar atmosphere is such that atoms of ionization poten- 
tial 8.3 volts are 50 per cent ionized. 

Tables are given of the relative abundance of fifty-six elements and six compounds. 
These show that six of the metallic elements, Na, Mg, Si, K, Ca, and Fe, contribute 95 
per cent of the whole mass. The whole number of metallic atoms above a square centi- 
meter of the surface is 8X10”. Eighty per cent of these are ionized. Their mean atomic 
weight is 32 and their total mass 42 mg/cm?. The well-known difference between ele- 
ments of even and odd atomic number is conspicuous—the former averaging ten times as 
abundant as the latter. The heavy metals, from Ba onward, are but little less abundant 
than those which follow Sr, and the hypothesis that the heaviest atoms sink below the 
photosphere is not confirmed. The metals from Na to Zn, inclusive, are far more common 
than the rest. The compounds are present in but small amounts, cyanogen being rarer 
than scandium. Most of those elements which do not appear in the solar spectrum 
should not show observable lines unless their abundance is much greater than is at 
all probable. There is a chance of finding faint lines of some additional rare earths and 
heavy metals, and perhaps of boron and phosphorus. 

The abundance of the non-metals, and especially of hydrogen, is difficult to estimate 
from the few lines which are available. Oxygen appears to be about as abundant by 
weight as all the metals together. The abundance of hydrogen may be found with the 
aid of Menzel’s observations of the flash spectrum. It is finally estimated that the 
solar atmosphere contains 60 parts of hydrogen (by volume), 2 of helium, 2 of oxygen, 1 of 
metallic vapors, and o.8 of free electrons, practically all of which come from ionization 
of the metals. This great abundance of hydrogen helps to explain a number of previously 
puzzling astrophysical facts. The temperature of the reversing layer is finally estimated 
at 5600° and the pressure at its base as 0.005 atm. 

A letter from Professor Eddington suggesting that the departure from the thermo- 
dynamic equilibrium noticed by Adams and the writer is due to a deficiency of the num- 
ber of atoms in the higher excited states is quoted and discussed. 


The hope that from the familiar qualitative spectrum analysis 
of the solar atmosphere a quantitative analysis might be developed 

t Research Associate of the Mount Wilson Observatory, Carnegie Institution of 
Washington. 
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is of long standing. Recent developments in spectroscopy and as- 
trophysics have turned the hope into a rational anticipation. The 
most precise method of investigation—the study of the detailed 
contours of individual lines—promises the most, but it will be some 
time before it can be applied to the multitude of lines available. 
In the meantime, a survey of the problem and a discussion of the 
existing evidence regarding the relative abundance of those elements 
which show lines in the solar spectrum, and of the significance of the 
‘“‘absence” of those which do not, may be in order. 


I. THE IONIZATION POTENTIALS AND SPECTRA OF THE ELEMENTS 


The manner in which the appearance of the arc and spark lines 
of a given element in earlier and later types of the sequence of 
stellar spectra is governed by the condition of ionization and excita- 
tion in the atmosphere of the stars is now familiar. The way in 
which the spectra and related properties of the atoms themselves 
vary with the atomic number is less widely known, and our discus- 
sion may well begin with a summary of the facts as at present un- 
derstood. 

The electrons in an atom, whether neutral or ionized, are bound 
in different states—a term now preferable to the old “orbits.”” The 
more firmly bound inner electrons which form parts of the completed 
groups or “‘shells’” are of concern in the spectroscopy of X-rays, but 
not of ordinary light. The latter deals with the outer electrons and 
with the complex set of excited states into which one or more of 
them may be raised from their normal positions. When there is but 
one outer electron, the various energy-levels, or spectroscopic terms, 
in which the atom itself can exist are intimately correlated with the 
state of this electron and are not very numerous, and the spectrum 
is then simple. When there are several outer electrons, however, a 
single configuration of electronic states may give rise (by space 
quantization) to an almost bewildering number of different spectro- 
scopic terms, and the spectra are very complicated. As the number 
of outer electrons approaches that required to form a complete 
“shell,” Pauli’s restriction principle comes into play and the spectra 
are again simpler. The brilliant and detailed success of Hund’s 
theory in predicting the characteristics of the spectrum from the 
electronic configurations is well known. 
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The transitions between spectroscopic terms, which give rise to 
the various spectral lines, are of great variety, but the transitions 
in the electronic states within the atom which accompany them are 
much simpler and afford the clue to what would otherwise be a hope- 
less maze. 

1. Observed energy of binding of electrons —We may therefore 
best approach the subject by a study of the energy of binding of an 
electron, in different atoms, into the same state—that is, into the 
state characterized by the same total and azimuthal quantum num- 
bers, and denoted, in Bohr’s notation, by the symbols 1,, 21, 3:,—} 
2a, 34; 42,3 33) 4,73 44,-—) OF More commonly at present by the 
equivalent notation 1s, 2s, 38,—; 2p, 3p, 4p,—; 34, 4d;—; 4f,—. 

This energy of binding is given, so far as data are available, in 

“Table I for neutral, and in Table II for singly ionized atoms. The 
first column gives the atomic number; the next, the chemical symbol. 
The remaining columns give the energy in volts required to re- 
move an electron in the given state from the atom, or liberated when 
it returns. Among the numerous energy-levels resulting from dif- 
ferent space quantizations of the same electronic configuration, that 
with the greatest energy of binding is given, regardless of the mul- 
tiplicity involved. 

The lines across each column mark the completion of the shell 
of electrons in the state in question. For heavier elements, electrons 
of this sort belong to the interior of the atom. Their energy of bind- 
ing increases rapidly but does not concern us here. 

Most of the tabular values are derived from series in the spectra 
and are fully reliable. The rest have been estimated in different 
ways. Those in parentheses and given to two decimals are extra- 
polated by series formulae and should be substantially correct. 
Those in parentheses and with one decimal are interpolated between 
the corresponding entries for neighboring elements and may be in 
error by one- or two-tenths of a volt. Those in square brackets 
have been derived from these last with the aid of known lines and 
should be equally accurate. The numerous gaps represent terms 

*Cf., for example, ‘‘Related Lines in the Spectra of the Elements of the Iron 
Group,” Mt. Wilson Contr., No. 341; Astrophysical Journal, 66, 184, 1927. 


? References to the spectroscopic and other data are to be found at the end of the 
paper in Table XXI and in the list following this table. 
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which have not yet been identified spectroscopically—often because 
they would give lines in the infra-red. For the elements beyond 
yttrium the data are too fragmentary to tabulate. 

The 4f state is not included in the table because it gives few 
terms of spectroscopic importance for the elements here considered. 

It will be noticed that the rows in the table are filled out to the 
end only for the elements in which a shell of electrons is completed 
and for those immediately following. In these cases the spectra are 
relatively simple, and long series have been observed. For elements 
in which a group is about half complete (such as iron), the recogniza- 
ble electronic configurations are few, although the number of spec- 
troscopic states and of spectral lines is very great. | 

Table II is arranged the same as Table I. It stops at Get for 
lack of data. A number of the entries have been derived by inter- 
polation or extrapolation in different ways. Some of them may be 
in error by half a volt; that for Li*+, by 3 or 4 volts. 

The data of these tables are plotted in Figures 1 and 2, which 
illustrate many important atomic properties. The most firmly 
bound states are represented by the lowest points. The s, p, and 
d states are plotted as circles, crosses, and dots, respectively, and 
corresponding states in different atoms are connected by lines to 
guide the eye. These lines terminate abruptly at the points cor- 
responding to the filling of a complete shell of electrons in the state 
considered. For larger atomic numbers these electrons pass into 
the inner structure, and those corresponding to the next lowest line 
on the diagram take their place as outer electrons. Thus a shell of 
six 2p electrons is filled up from B to Ne (or from Ct to Na* among 
the ions). A shell of two 3s electrons is then filled in Na and Mg, 
followed by one of six 3p electrons (Al to A). Two 4s electrons go on 
in K and Ca, followed by ten 3d’s from Sc to Zn. In this case, the 
4s and 3d electrons are bound with about equal firmness and both 
groups are to be considered as outer electrons until the two shells 
are completely filled. Similar conditions are met from Yt to Cd 
(just beyond the limits of the diagram), where 5s and 4d electrons 
are going on, and among the rare earths (6s, 5d, and 4f). All this is, 
of course, merely a graphical representation of Bohr’s theory of 
atomic structure. 
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Among the relations which are illustrated by these figures we 
may note: 

a) The diagrams for the neutral and ionized atoms are strikingly 
similar, not only in their general outlines, but also in detail. In 
other words, the familiar ‘‘displacement law” applies not only to the 
multiplicities present in a spectrum, but also to the energy relations 
—the spark spectrum of any element resembling in both respects 
that of the arc spectrum of the preceding element. The further 
remarks apply therefore to both arc and spark spectra. 

b) The energy of binding, for an electron in a given state, in- 
creases with the atomic number. For the s states the increase is 
steady; for the p and d states it is interrupted by fluctuations, which 
are remarkably similar in the neutral and ionized atoms. 

c) The increase of energy is most rapid (1) when electrons of the 
type considered are being added to build up a complete shell; (2) 
when s electrons are being added. The most conspicuous fluctua- 
tions occur when a shell is half completed (half of the 6p electrons 
in NV, P, As, Ot, St, and of the rod electrons in Cr, Mnt). 

The explanation of these regularities by the older orbit theory 
is very pretty. For an outer excited orbit the increase in nuclear 
charge with atomic number is nearly compensated by the screening 
action of the electrons circulating in smaller orbits near the nucleus, 
and the effective attraction and energy of binding increase but slow- 
ly until electrons in orbits of the same type begin to be added, when 
the screening becomes very imperfect and the binding energy rapidly 
rises. The s orbits come nearer the nucleus than the others; hence 
they are less screened, and have greater binding energy than p orbits 
of the same total quantum number—and these again less than d 
orbits. Moreover, they go farther from the center; hence screening 
by an s electron is less effective and the binding energies of all outer 
orbits increase when they are being built in. Finally, the irregulari- 
ties in the p and d curves can be explained as effects of space quan- 
tization. The conspicuous breaks which occur when a shell is half 
built are interpreted as due to the change from magnetic attraction 
to repulsion, when Pauli’s restriction first compels the added elec- 
tron to have a direction of spin opposite to that of the electrons 
which are already present. 
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The wave theory, when developed to include these complicated 
cases, will doubtless give a still better, though less picturesque, ac- 
count of the facts. But we must return to spectroscopic considera- 
tions. 

2. Characteristics of the spectra of different elements.—It may now 
be recalled that spectral lines are emitted, or absorbed, when an 
atom changes from one energy-level to another. Since the stand- 
point of the present paper is astrophysical, we may think of lines 
primarily as arising from transitions from lower to higher energy- 
levels, with absorption of radiation. 

Whether such a transition will ordinarily occur, or is ‘‘for- 
bidden,’’ depends on the nature of the electronic transition involved. 
In permissible transitions one electron must jump between an even 
state (s or d) and an odd one (p or f). Another may jump at the same 
time between two even or two odd states, but this need not concern 
us for the moment. 

Actual lines will therefore be represented in our diagrams by 
transitions between a point on a continuous line and one on a dotted 
line, while those between points on lines of the same sort are for- 
bidden. When it is further recalled that the wave number of the 
line is proportional to the energy change involved, i.e., to the verti- 
cal shift on the diagram, some of thé most important properties 
of the spectra and their variation with atomic number may be 
read from the figures. The wave-length of any line and the corre- 
sponding energy change in volts are related by the equation \= 
12,336/V. Taking sodium as an example, we see from Figure 1, 
or Table I, that an atom in the lowest energy state 3s can undergo 
transitions to 3p, 4p, 5p, etc., absorbing energy equivalent to 2.09, 
3-73, and 4.32 volts, and giving lines at AA 5900, 3310, and 2860 
which agree, within the errors imposed by neglected decimals, with 
the lines of the principal series at AA 5896, 3303, and 2853. An atom 
in the 3p state may change to 4s, 5s, absorbing 1.08, 2.00 volts (AX 
11404, 6160), or to 3d, 4d (1.51, 2.17 volts, AX 8194, 5688). Changes 
between the higher states give lines in the infra-red. 

The spectrum of sodium therefore shows strong lines in the easily 
accessible region. It is evident from inspection of Figure 1 that the 
same will be true of magnesium. For aluminium the 3s configura- 
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tion has gone inside the atom, and the principal jumps between the 
remaining states, 3p to 4s and 3d, are longer, so that the lines are in 
the violet and ultra-violet. For the following elements, from silicon 
to argon, these transitions increase in energy and the lines move 
into the far ultra-violet and the Schumann region, while the transi- 
tions next in importance, 4s to 4p, are still of small energy, and give 
lines in the infra-red, or beyond sulphur, in the deep red. Those 
from 4s to 5p give accessible lines which shift from the yellow for 
silicon to the violet for argon; but these lines, as is true in general 
for the later members of series, are relatively faint. In the case of 
phosphorus, indeed, they have not yet been recognized, nor have 
the infra-red lines arising from the transition 4s— ap been observed. 
The arc spectrum of phosphorus, then, contains no known lines ex- 
cept in the ultra-violet beyond X 2500, and it is obvious why it has 
not been recognized in the sun. 

Similar conditions are encountered for all the non-metallic ele- 
ments, which, with the exception of hydrogen and helium, belong 
where an outer shell of p electrons is being built up. The transition 
from the lowest configuration, mp, to the next, (m+r1)s, gives lines 
in the far ultra-violet; the next, from (m+1)s to (m+r)p, lines in 
the deep red or infra-red, and only the weak lines, (m+1)s to 
(m-+2)p, are accessible. For hydrogen and helium the energy rela- 
tions are similar, except that Ha is visible. 

It must further be borne in mind that even at solar temperatures 
the great majority of the atoms of any given kind, whether ionized 
or neutral, will be in the state of lowest energy. The number in 
higher states decreases rapidly as the energy of excitation increases. 
The fraction of the atoms of a non-metal which are in the excited s 
state and capable of absorbing the infra-red or visible lines, is, there- 
fore, small. This imposes an additional handicap upon the non- 
metals, and it is no wonder that they show so feebly in the sun. 

Silicon is an exception. To understand its case we must remem- 
ber that Figure 1 is a mere skeleton. Except when the formation of 
a new shell is just beginning, as in Na or Al, there are a number 
(often a great number) of additional atomic states, which correspond 
to the same electron configuration, with different space quantiza- 
tion. Such states would be represented on the figure by a swarm of 
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other points, lying above those which have been plotted by amounts 
ranging from a fraction of a volt to 2 volts or more. Those which 
belong to the same electronic configuration as the lowest state are 
metastable. In silicon there are two metastable states belonging 
to the configuration here called 3p. One of them is 0.78 volt above 
the bottom, and its combination with the 4s levels gives only wave- 
lengths shorter than \ 3000. The other, which is 1.12 volts higher, 
combines with the same levels to give the lines at AX 3905 and 4102, 
which are strong in the sun. From phosphorus to argon, however, 
the corresponding lines are beyond X\ 3000 and inaccessible astro- 
physically. 

One non-metal, however, presents a real and glaring exception 
to the general rule. The hydrogen lines of the Balmer series, and, 
as Babcock has recently shown, of the Paschen series as well, are 
very strong in the sun, though the energy required to put an atom 
into condition to absorb these series is, respectively, 10.16 and 12.04 
volts—higher than for any other solar absorption lines. The obvious 
explanation—that hydrogen is far more abundant than the other 
elements—appears to be the only one. 

Among the metals of the first long period, from scandium to 
zinc, the number of these additional energy states is great. The 
metastable states are numerous, since both 4s and 3d electrons may 
take part in forming them, and there are many higher states which 
are not represented at all in Table I or Figure 1. The tabular data 
give the energy released when an electron in the various states is 
added to ionized atoms which are in the states tabulated under 4s 
in Table II and described in a more generalized notation by d®~’s. 
Addition of similar electrons to the ions in the states tabulated under 
3d (in the general notation d"*) gives an entirely different set of 
higher energy-levels. Combinations between terms belonging to the 
two families, although usually involving a double electron jump, 
are very common, and add much to the complexity of the observed 
spectra. The tabular data, though referring to only a single family, 
give, however, a very good idea of the positions of the stronger lines. 
For each of the metastable spectroscopic terms there is a certain 
family of higher terms which arise from the addition of an electron 

* Revision of Rowland’s Preliminary Table of Solar Wave-Lengths, p. 223. 
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to the same metastable state of the ion, and have this state as their 
series limit. Combinations between terms of the same family give, 
in general, much stronger lines than those between terms of differ- 
ent families. Hence these strong lines, when arising from the same 
electronic transition, lie usually in much the same part of the spec- 
trum for all the families.” 

A glance at Figure 1 shows that among the elements considered 
the transition from 4s to 4p involves an energy change which in- 
creases slowly and rather steadily from 1.8 volts for Ca to 4.1 for 
Zn. The corresponding lines work from the red into the near ultra- 
violet as the atomic number increases. The energy of transition 
from 4p to 5s increases, though more slowly, from 2.0 to 2.4 volts, 
giving lines in the visible spectrum. The spectra of the metals of 
the “iron group” contain therefore strong lines (usually very numer- 
ous), which correspond to electron transitions from the low to the 
middle terms (4s—4p or 3d—4p). These lie mainly in the visible 
spectrum for the smaller atomic numbers, but shift into the ultra- 
violet toward the end of the group, until, in Cu and Zn, very few 
are left on the red side of X 3000. They are low-temperature lines 
in the furnace. The transitions from the middle to the higher levels, 
4p—5s or 4p—4d, give high-temperature lines in the laboratory 
which remain in the visible spectrum throughout the group. They 
overlap the low-temperature lines widely, but, on the whole, have 
shorter wave-lengths—which explains the well-known fact that arc 
lines in the red are in general harder to produce by temperature 
excitation than those in the violet. 

The next six elements, in which 4p electrons are successively add- 
ed, are very like the 3p group. Germanium, like silicon, has a few 
low-temperature lines in the visible region; arsenic, like phosphorus, 
has none at all so far as present observations go; and the rest could 
be detected only by faint lines demanding high excitation. The 
spark spectra behave very similarly, except that the energy steps 
are much greater and the lines much farther to the violet. The 
transitions from the low terms to middle terms belonging to the 
same family give the strongest enhanced lines, which are prominent 


t For an example in 77 01, see Mt. Wilson Contr., No. 344; Astrophysical Journal, 66, 
323, 1927. 
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in the arc spectrum also. These lines lie in the violet for the metals 
at the beginning of a group, Cat and Sr*, but shift rather fast 
toward shorter wave-lengths, so that, beyond V* and Cbt, they 
pass into the closed region beyond \ 3000. Weaker lines, pro- 
duced by transitions between the upper levels of the “low” group 
and the lower levels of the middle group, belonging to different 
families, are observable as far as Fe*, and a few for Co* and Nit, 
after which they, too, are lost in atmospheric absorption. Such lines 
are usually faint in arc spectra. Transitions from the middle to the 
upper terms give lines which, in the laboratory, are practically con- 
fined to the spark. Among the metals these transitions involve 
more energy than those previously considered, and the correspond- 
ing lines are observable only at the beginning of a group (Ca™ to 
Tit, and homologous elements). An especially interesting case is 
that of Mg*, where 3s— 3p, 3p—4s, and 3p—3d give lines lying near 
together (AA 2795, 2936, 2798) and all just out of reach, so that the 
observable lines correspond to high excitations, such as 3d—4f 
(A 4481). For Be*, however, the principal pair is just accessible at 
d 3131. 

For the non-metals, the principal enhanced lines are hopelessly 
far out, and only a few transitions between highly excited states are 
accessible. The only enhanced lines of & non-metal which have been 
observed in the sun are a few of Sz*; and for these, as Figure 2 shows, 
the excitation potential is less than in almost any other case. The 
enhanced lines of the alkali metals present the same situation in its 
most extreme form. 

3. Ionization potentials.—In discussing the relative strength of 
arc and enhanced lines in any source, knowledge of the ionization 
potentials involved is essential. These are given in Tables III and 
IV. Their values, for the first thirty-nine elements, are implicitly 
contained in Tables I and II—but not quite obviously. What is re- 
quired in most cases is the energy difference between the normal 
states of the neutral atom and the ion, and complications arise in 
the iron group. Table I gives the energy difference between the 4s 
state of the ion (d*~*s) and the various states of the neutral atom, of 
which we must evidently choose the lowest, whether it be 4s (d"~s?) 
or 3d(d™"s). But sometimes, as Table II shows, the 3d (d™~) state 
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of the ion is the lowest, and the values of Table I must be corrected 
accordingly. This is taken into account in Table III. For the sec- 
ond ionization potentials (Table IV) no such complication occurs. 
Both tables have been extended to include those heavier elements 
for which data are available. They are divided into two sections, cor- 
responding to the “building on”’ of shells of s and d, or of p electrons. 
He, Be, Mg are put on the line with Zn, Cd, Hg because their spectra 
resemble those of the latter much more closely than those of Ca, Sr, 
and Ba. The line below La marks the position of the rare earths, 
where fourteen 4f electrons are added. These elements are listed 
separately. 

The changes in ionization potential from element to element are 
immediately comprehensible by reference to Figures 1 and 2. While 
each shell of outer electrons is being completed, it increases, although 
with minor irregularities due to space quantization or to the inter- 
change of s and d configurations. It reaches a maximum when- 
ever a shell is completed. The drop after completion of an s shell 
in Be and Mg is between 1 and 2 volts; after completion of the com- 
bined s and d shells in Zn, Cd, Hg, it is 3 or 4 volts, while that follow- 
ing the completion of a p shell in the inert gases is much greater— 
8 to 16 volts. For the second ionization, these discontinuities are 
greater in absolute value, but are a smaller fraction of the potentials 
themselves. The ratio of the first and second ionization potentials 
for similar electronic structures—that is, for the neutral atom of one 
and the ion of the next following—ranges from 2.9 to 2.5 when a 
group of electrons begins to be formed, while for atoms with com- 
pleted groups it runs from 2.4 to 2.0. For the first few elements, it 
has higher values, culminating with 4.0 for H and Het. 

The general character of the spectra of most of the heavier ele- 
ments can be deduced from Tables III and IV. For the second long 
period (Rb to Xe) the ionization potentials are nearly the same as for 
homologous elements in the first, but average a little lower. The 
same is true, in general, regarding the other energy-levels, so that 
the arc and spark spectra of these elements show high- and low- 
excitation lines in the same regions of the spectrum as for those of 
the first long period, but, on the whole, a little farther to the red. 

At the beginning of the next period, we find the lowest known 
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ionization potentials (Cs, and Bat for the second stage), which re- 
main lower than in other periods until the rare-earth group begins. 
In these elements the outer electrons consist of two 6s, one 5d, 
and from one to fourteen 4f electrons, and the ionization poten- 
tial slowly rises as the 4f group is built up. For the earlier 
members of the group, the lines of the ionized atom are the 
main features of the arc spectrum and those of the neutral 
atom are best brought out in the furnace, thus showing that the 
first ionization potentials are very low.t The strong lines of the 
first spark spectrum shift toward the violet with increasing 
atomic numbers, which practically proves that the second ioni- 
zation potential also increases. The number of: atomic energy 
states should be much greater among the rare earths than for 
any other elements, and their spectra are actually very intricate. 

Upon the completion of the shell of 4f electrons the ionization 
potential ceases to have any important effect on the properties of 
the elements, as is shown by their chemical behavior and what 
little is known of their spectra (Hf*, W). We should therefore ex- 
pect a considerable fall in the ionization potential between the 
last rare earth, Lu, and Hf, and then a gradual rise to Au and 
Hg. For the last-named elements ionization is more difficult than 
for the homologous elements in the preceding periods. Whether 
this is also true for Hf cannot be determined from the exist- 
ing data.’ 

4. Rates ultimes.—The strongest lines of any element, which are 
the last to disappear when the quantity present is diminished, 
usually arise from transitions from the lowest energy-level to middle 
levels of the same multiplicity and belonging to the same family. 
Among the various lines in a multiplet, that involving the highest 
inner quantum numbers is the most persistent; among transitions 
to terms of the same family the term of greatest azimuthal quantum 
number has the advantage; and the larger multiplicities are pre- 


* The measures of Rolla and Piccardi indicate that it reaches about 7.5 volts at 
the end of the group. 


* A table of ionization potentials, with discussion, has been given by Rolla and 
Piccardi (Philosophical Magazine, 7, 286, 1929). 
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ferred to the smaller. In a few cases, the combination of these in- 
fluences causes a line originating from a level a little above the low- 
est to be the most persistent of all. 

Lists of these lines, in the various arc spectra, are given in Table 
V. The lines marked with an asterisk have been recorded by De 
Gramont? or Meggers and Kiess} as raies ultimes, which actually 
persist in the manner described. Most of the rest are of too short 
wave-length to have been observed by them, but are undoubtedly 
of the same nature. Table VI gives similar data for spark spectra. 
The arrangement for the short periods differs slightly in order to 
bring spectroscopically similar terms into the same line. 

These tables confirm the conclusions which were drawn from the 
general structure of the spectra. The most persistent arc lines of 
almost all the metals lie within the region accessible in the sun, while 
those of the non-metals are without exception out of range. Con- 
ditions for detecting the spark lines astrophysically are favorable 
only for the metals in the earlier parts of the successive periods— 
for Be, Ca to V, Sr to Cb, Ba, La, and probably several of the rare 
earths, and finally for Ra. 

It may be remarked that the persistent lines and their spectro- 
scopic notation are known for a number of elements for which the 
ionization potential and energy levels have not yet been determined. 
Indeed, the values given in square brackets in Tables I-IV have all 
been determined by utilizing persistent lines (not always the ones 
given in Tables V and VI), as explained in §r. 

5. Molecular spectra.—No detailed discussion of the energy rela- 
tions for the various band spectra which have been recognized in the 
sun is attempted here. It may be said, however, that, so far as the 
present evidence goes, all the bands which have been observed cor- 
respond to electronic transitions from the normal energy state of the 
molecule to higher states, and hence are comparable in nature to the 
persistent lines. Most of these bands are known to arise from mole- 
cules which are unsaturated chemically, and the others are probably 

t Laporte and Meggers, Journal of the Optical Society of America, 11, 459, 1925. 

2 Comptes rendus, 171, 1105, 1920. 

3 Journal of the Optical Society of America, 12, 417, 1926. 
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of the same sort. For molecules which are stable enough to endure 
ordinary chemical manipulation, the normal energy state appears 
to be so far below the others that the bands absorbed by the unexcit- 
ed molecules lie in the extreme ultra-violet and are inaccessible. 

This is certainly true of the hydrogen molecules, and the pres- 
ence of lines of the “secondary” hydrogen spectrum in sun-spots" 
which has just been reported would be as striking an exception to 
the general rule as is the great strength of the Balmer lines. 

The sources from which the data regarding the spectra and ion- 
ization potentials of the elements have been taken are summarized 
in Table XXI at the end of the paper. It is hoped that the list of 
references following the table is fairly complete; but no attempt has 
been made at a general bibliography of the subject. In the cases 
marked by square brackets in the tables (and in a few others) this 
material has been further worked over by the writer. 


II. THE PRESENCE AND ABSENCE OF THE ELEMENTS 
IN THE SOLAR SPECTRUM 

6. Summary of the data.—We are now in a position to understand 
the significance of the absence of recognizable lines of many of the 
elements from the solar spectrum. The present state of knowledge 
on this subject is summarized in Table VII, which is taken from the 
Revision of Rowland’s Table, with slight modifications, as explained 
below. The intensity of the strongest solar line which is believed 
to be due mainly, if not entirely, to the given elements is tabulated, 
thus indicating some idea of the prominence of the element in the 
spectrum, as well as its mere presence. The arc and spark spectra 
are tabulated separately under the headings Hl and E/*. An inten- 
sity given in parentheses signifies that the lines of the elements ap- 
pear in spots, or in the disturbed regions near them, but not on the 
rest of the disk. A question mark shows that the identification of 
the element in the sun is uncertain. The table is arranged in fashion 

1G. Piccardi, Nature, 122, 880, 1928. 


? Carnegie Institution of Washington, Publication, No. 396, 1928. Table A, p. xv. 
This will hereafter be referred to as R R. Since the publication of this work evidence has 
appeared that lines of Pt are probably, and As and Jr are possibly, present in the solar 
spectrum. This will be discussed in a forthcoming Contribution by Dr. St. John. 
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similar to the others, except that the rare earths are added in a 
separate column. 

The presence in the spectrum of the disk of band lines due to the 
molecules C,, CH, CN, NH, and OG, and, in addition, of BO, 
MgH, CaH, TiO, and probably H,, in the spot spectrum, should be 
mentioned for completeness and as affording the principal evidence 
for the presence of B,C, and Nin the sun. The strength of the emis- 
sion lines of He in the chromosphere and the presence of a faint line 
of He* (d 4685.808) are noteworthy. 

It should further be borne in mind that some of the gaps in the 
table represent a lack of adequate data. The spectra of the recently 
discovered elements Ma and Re, and of the short-lived radioactive 
products, Po, Ac, and Pa, are still wholly or substantially unknown, 
and that of the “emanation” Rn is very incompletely observed. 
For several of the rare earths, J], Tb, Ho, Tu, and Lu, the existing 
spectroscopic data ‘‘are not adequate either to establish the proba- 
bility of their presence or to eliminate them from further considera- 
tion.’* For these rr elements, dashes have been inserted in the table 
to indicate the impossibility of a decision from existing data—as has 
also been done for the unknown elements of atomic numbers 85 and 
87 and for the non-existent spark spectrum of hydrogen. This leaves 
79 elements whose presence or absence*in the spectrum can be dis- 
cussed on the basis of existing data. Of these, 49 appear certainly to 
be present, 9 are doubtful, and 21 absent. Eighteen of the 49 reveal 
their presence by both their arc and spark spectra, 22 by the arc 
spectrum alone, 7 by the spark alone, and 2 (B and N) primarily by 
band spectra of compounds. Four of the doubtful identifications 
have to do with arc lines; the other 5 probably with spark lines (of 
the rare earths). 

7. Importance of excitation potential.—In discussing this material, 
we may first consider the enhanced lines. Thirteen elements (Table 
VI) have their most persistent spark lines in the region accessible 
to observation. These are Be, Ca, Sc, Ti, V, Sr, Vt, Zr, Cb, Ba, La, 
Hf, and Ra. All but the last appear in the list of elements showing 
enhanced lines in the sun. Most of the other elements which do 


*St. John and Moore, Mt. Wilson Contr., No. 364; Astrophysical Journal, 68, 106, 
1928. 


204 


COMPOSITION OF THE SUN’S ATMOSPHERE 25 


so (Cr, Mn, Fe, Co, Ni, Mo) come near the middle of the first two 
long periods. In their cases, the most persistent enhanced lines lie 
beyond ) 3000, but others, arising from low energy-levels, though 
not the lowest, are accessible. The rare earths should undoubtedly 
be divided between these two groups—just how cannot be said until 
the analysis of their spectra has been begun. The statement that 
enhanced lines are found in the sun for those elements which have 
lines of low excitation potential in the accessible region has therefore 
few exceptions. On the one hand, lines of Ra, and perhaps of some 
of the rarer of the rare earths, are absent. On the other, a very few 
enhanced lines, demanding high excitation, appear for Mg and Si 
and doubtfully for Al. It is obvious that considerations of abun- 
dance may explain both sets of exceptions. For the remaining ele- 
ments which fail to show enhanced lines in the sun, the excitation 
potentials for the accessible lines are high in every case for which 
they have been determined. 

The case of the arc spectra is not quite so simple. There are 
37 elements, excluding the rare earths, whose arc spectra are little 
known, for which the most persistent lines are accessible. Arc lines 
of 25 of these are present in the solar spectrum. For 3 others (Zi, 
In, Rb), the most persistent lines appear in sun-spots, though not on 
the disk. Three more (Cd, Jr, Tl) are doubtful, leaving 6 which fail 
to appear—Cs, Ba, La, Hf, Bi, and Ra. It is well known that most 
of these absences are explicable by ionization in the solar atmos- 
phere." 

Among the elements whose most persistent lines are inaccessible, 
the majority of those which appear in the sun have accessible lines 
of low or moderate excitation potential (Be, Mg, Si, Zn, Ge, Cd, Sb, 
and the doubtful As and Sv). For the non-metals, H, He, C, N, O, 
and S, the excitation potentials are high and the lines weak, except 
for hydrogen. 

It appears, therefore, that the principal factor which is unfavor- 
able to the appearance of a spectral line in the sun is a high excita- 
tion potential. How important it is, is shown by Table VIII, which 
includes all the Fraunhofer lines which are known to have excitation 
potentials above 5 volts. There are 46 such lines out of nearly 6000 

<M. N. Saha, Philosophical Magazine (6), 40, 472 and 8009, 1920. 
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for which the excitation potentials are known. Twenty-eight of 
them have intensity o or fainter, and only 1 exceeds intensity 2, 
except the hydrogen lines, whose altogether exceptional behavior is 
well illustrated. 

Of the elements whose persistent lines appear in the sun, only 
a few (Fe, Cu, Co, Mn, Cat) show lines of high excitation, and the 


TABLE VIII 


SoLaR ABSORPTION LINES OF HiGH EXcITATION POTENTIAL 


EP. El. LA. Int. E.P. El. LA. Int. 
SeOLEs eg he 8945.20 —I Fi Masvo o-cal| GLY 9o0g5 ..02 I 
5.042...-| He 8920.027 ° Cr QLII.93 ° 

Fe 9148 .02 —I weATauces| Cac) | SOOLe47Oun|a——2 
SEOOA aan Ee 7086 .720 —I 7.483 Case 5021.153 | —3 
SLOsO nae | Ce 4651 .118 —I 7.591 G 4932 .020 —2 
GLOGOnsscal Or 3319 .689 —3 G: 5039 .006 —3 
Cu? 4586 .998 —1I el 6 ool} YEP 6347 .104 2N 
BLOOO Mean (OF 5048 .552 6 Sy 6371 .362 IN 
5.086....| Mg 7657 .605 2 8.825....| Mgt 4481 .142 ° 
Bavogumori Cor 6864 .958 —3 8.826....| Mgt 4481 .340 ° 
5.407....| Mn 7680 . 267 I 9.106 O 7771 .954 2 
Ney ene N eA: 4629 .806 —I O PART, 2 
Zn 6362 .357 I O 7775 -394 I 
GeA0Gme cn Oe 9228.19 ii Ord 70 nea O 8446 .350 ° 
Or 9237.40 fo) O 8446.728 ae 
6.527... ..| ot” 3853 .672 —I eM ANG oo-ul| Jel 3970 .078 5sN 
Si* 3862 .505 I H 4101 .750 40N 
O28205 ec] Oe" 3856 .028 I H 4340.477 20N 
TetAC er o|) AL 0 3892 .O17 —2 ¢ H 4861 .344 30 
7.388....| Al*?| 3900.662 —% HiT 6562 .816 40 
eae Gets. 4770 .OO1 —2 LO nBO2 acre vie 8680 .403 ae 
C 4775 .886 —2 E2nOS Gere | MEL 10049 .5 25 
C? 9061.50 —1 20.871....| He 5875.62 a 
Cr 9078 .34 —T 


* Appears only in disturbed regions. 


latter are all faint. The reason is simple: for such lines the lower 
level involved must be more than 5 volts above the bottom, and the 
upper level, even for a line at \ 8000, must be at a height of at least 
6.5 volts. Aside from the case of a few exceptional states of low 
statistical probability, this level, again, will be well below ionization. 
Hence the ionization potential must be fairly high, as it is for the 
elements whose arc lines appear. 

For spark spectra, the explanation is different. In order that 
the persistent lines may be accessible, the energy differences between 
the low and middle states (e.g., 4s, 3d, and 4p) must be rather small 
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compared with the energy of ionization. The differences between 
the levels next in series (e.g., 5s, 4d, and 5p) will then be so small that 
the corresponding lines are in the infra-red, and the only accessible 
lines of high excitation will be later members of series, which are 
inherently faint. An example is found in Cat, where the observed 
lines correspond to the electron transition 5p—6d. 

8. Significance of the “absences.” —The excitation potentials for 
the accessible lines of those elements which have not been identified 
in the solar spectrum are given in Table IX, those for which no re- 
liable spectroscopic data exist being omitted as usual. The last 
column contains the elements whose presence is doubtful. 


TABLE IX 


EXCITATION POTENTIALS FOR ACCESSIBLE LINES OF ELEMENTS WuHICH ARE MISSING 
OR DOUBTFUL IN THE SOLAR SPECTRUM 


El. EP. El. E.P. El. EP. El. E.P. 
BR anos ¢ A On| eiSeieneree 9.9 CA ee ae 4.60 Nee 10.30 
Biren devas PEN OPE MN IRCA aig oe 5.45 JENS Be ase 4.65 yates sa mell | eeate 
IN Cnn cia « LO Spleen 6.73 BUA encore © .00 WA eae 2.30 
LP recent Fearercls OzQoulle Cae meen 8.2 [oy BN eA reall Ea. S77 en ee a Onor 
Clea oe recone KOO" aoe aac 0.00 Vite op an s|/ROROS Tp Be 0.35 
Atria aps TS Ome OS aeen eres re RO ©.00 Ne Oe es ©.00 
DY toners SOAS Wade Gern cae ars Oneal? ° fe 
BYR se Sat sac2 VeOtN OSS cn aac o.oo? |} U ° tg 


The values given to two decimal places are derived from known 
resonance lines and are accurate. Those given to one decimal in- 
volve estimates of the positions of levels near those given by reso- 
nance lines, but slightly lower, and should be correct to o.1 volt. 
The remaining values require explanation. For Os, lines from the 
lowest level revealed by the present incomplete analysis are accessi- 
ble; there may, however, be unrecognized levels which are still lower, 
but by no great amount. 

The spectra of Ta, Th, and U have not been analyzed, but com- 
parison with homologous elements makes it very probable that 
their persistent lines lie in the observable region. For Bz* all that 
can be said is that the resonance lines are pretty certainly of shorter 
wave-length than for Pd* (for which the E.P. is 6 volts). In the 
case of Cst, which has a spectrum similar to that of Xe, the energy 
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of binding of the sp electron—the lowest state—may be estimated from 
the run of similar ratios for other elements, as 1.8 times the value 
for Kr 1, that is, about 22 volts. The next level above this involves 
a 6s electron, which has a binding energy of 7.45 volts in Bat and 
should have slightly less in Cst. The difference gives the tabular 
value of 15 volts. This may be wrong by a volt or two, but must be 
of the right order. For B, P, Te, Br, and J, lines of the given excita- 
tion potentials ought theoretically to exist in the infra-red, with 
fainter ones in the visible region; but none of these has yet been 
identified. 

The elements which fail to appear in the sun fall sharply into 
two groups. The first contains all those with atomic numbers 
up to 54, Xe. Here the excitation potentials are so high that there 
is no chance of the lines appearing unless the elements are abundant. 
The same is true, to a somewhat less degree, of Au and Hg; and Cs 
may be added to the list for the reason that its first ionization poten- 
tial is so low that no neutral atoms remain, even above the spots, 
and its second is so high that the observable lines demand a pro- 
hibitive degree of excitation. The absence of lines of these elements 
from the sun is consistent with their presence in fairly considerable 
amounts in the solar atmosphere. 

The case of most of the heavier elements is quite different. For 
three of them—Os, Bi, and Ra—persistent lines lie in accessible re- 
gions and are definitely absent from the solar spectrum. Though 
Ra is probably easily ionized, the persistent lines of Rat are also 
absent. There seems to be no escape, therefore, from the conclusion 
that these elements are present in the sun’s atmosphere in negligible 
quantities, if at all. 

For Ta, Th, and U, the spectra are complex, with numerous lines 
of moderate intensity and few very strong ones, and have not yet 
been analyzed. A definite decision upon their presence in the sun 
demands laboratory observations with the under-water spark, or 
some similar source, which will pick out the persistent lines among 
the swarms which fill the spectrum. 

The weakness or absence of solar lines of the heavy metals is an 
old story. The present discussion indicates that this is not to be 
accounted for by the structure of their spectra (except for Aw and 
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Hg) and supports the conclusion that these elements are present in 
the reversing layer in small proportions. 


Ill. THE ABUNDANCE OF THE ELEMENTS IN THE SUN 


9. Absolute calibration of Rowland’s intensity scale-—There is rea- 
son to hope that within a few years the quantitative analysis of the 
solar atmosphere will be put on a solid basis by the accurate meas- 
urement of the contours of large numbers of lines and the interpre- 
tation of these by physical theory. An admirable beginning has 
already been made by Unsdld’ and others; but a general investiga- 
tion will be a heavy piece of work observationally, and perhaps 
theoretically too, and will take a long time to finish. 

In the meantime a reconnaissance of the field may be made with 
the aid of the calibration of Rowland’s intensity scale. As derived 
last year, this gives only the relative numbers of atoms engaged in 
the production of different lines. More precisely, the numbers are 
those of the “‘fictitious oscillators,” acting independently for each 
wave-length, which would produce lines of the observed intensity. 
For each spectral region the number of such resonators required to 
produce a line of intensity o was taken as the unit, irrespective of its 
absolute value or its possible variation in different regions. 

Both these last questions may be approximately answered by 
comparison with Unsdéld’s results. From the observed contours of 
a number of typical resonance lines he determines theoretically the 
number of atoms, VH, above 1 sq.cm of the sun’s surface, which are 
concerned in their production. When multiplied by a factor f, de- 
pending on quantum numbers, these give the number of “oscillators” 
for each line. The calibration of Rowland’s table gives a quantity 
N, defined by the equation 


log N=Blog A, (z) 


where B and log A are taken from empirical tables, which should 
be proportional to the number of oscillators. We may therefore 
write 
log (VHf)=log N.+ B log A , (2) 

t Zeitschrift fiir Physik, 46, 765, 1928. 

2 Russell, Adams, and Moore, Mt. Wilson Contr., No. 358; Astrophysical Journal, 
68, 1, 1928. 
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where J, is the number of oscillators for a line of intensity 0. Each 
of Unsdld’s lines then gives a determination of V,. The results are 
as shown in Table X, in which R denotes Rowland’s intensity, 
“Res.” the differences of the individual determinations of NV, from 
the mean, and R, the Rowland intensity computed from Unséld’s 
data by working the equations backward with the mean value of 
log N,. The H and K lines are too strong to calibrate, and the values 
of R, were derived by extrapolating the relation 


A log R=%Alog A, 


which holds good from R=15 to R=40. 
TABLE X 


ABSOLUTE CALIBRATION OF ROWLAND’S INTENSITY SCALE 


El. ny R B log A log NHf log No Res. R, 
Nate se 5889 30 3.58 16.24 12.66 Soyhike 25 
5896 20 Beas I5.04 I2.59 OnLy I5 
A Dera ciitenyiirs 3061 20 4.28 16.67 12.30 Oe 7, 13 
3944 15 4.10 16.37 12.27 —0o.49 9 
COae pnden 4226 20 4.13 16.83 12.70 —o0.06 18 
Ye okt ee 4607 I 0.54 14.34 13.80 +1.04 3 
Bi ale assy she 4077 8 3.39 16.15 12.76 ©.00 8 
4215 5d? 2.65 15.85 13.19 +0 .43 6 
BUR iaer 4554 8 Chait 15.43 12.28 —o.48 6 
4934 3 and 4* 2.12 TS5en3 13.01 +0.25 5 
Cue ae 3033 TOOO sae | a ery. TOSTO Sela coene eee 340 
3968 {sce ee Jal percent ES SO |e sgeckevens oll eerste ene 230 

VE GCANIS |e, ay cia el eae taere omer erate | cata tear T2270" Iisa atanvereoen|eepae eee 


* Given by Rowland as double; component intensities 3 and 4; see §1o. 


The average residual for one determination of log N, is +0.35. 
The value previously found in another way' for the determination 
of log NW from a single line was +0.37. 

The residuals show a systematic trend such as would be pro- 
duced if the calibration of Rowland’s scale gave differences in log 
N that are too great. A plot of the data suggests a reduction of 
the calibrated values by about 25 per cent; but so large a correction 
appears to be inconsistent with the much more extensive data ob- 

© OD. cit., p. 7. 
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tained from a study of the solar multiplets. Moreover, the residuals 
are already as small, on the average, as was to be anticipated. It may 
be that the calibration gives values too low for the numbers of atoms 
which produce the weaker lines; but the existing evidence is insuffi- 
cient to determine what correction, if any, is required. The largest 
residual, for \ 4607, would be reduced to +0.50 if R were taken as 2 
instead of 1, which would be in better agreement with Rowland’s 
estimates for neighboring lines of equal strength; this would, how- 
ever, give a smaller average residual than was to be expected. Tak- 
ing the observations as they stand, we have log N,=12.76 +o.10, 
so that it requires 6 X 10% “‘atoms”’ per square centimeter to produce 
a line of intensity o. The residuals show no definite evidence of a 
change of this quantity with the wave-length, although of course 
only a large change could be detected by so few observations, and 
the result may be adopted as generally applicable. 

The mass of 6X10” atoms of atomic weight m is 1.0X10-% m 
grams. To produce a line of intensity o requires therefore 0.1 m 
grams of matter per square kilometer of the sun’s surface, or 0.6 m 
millions of tons for the whole surface, 610% km?. The amount of 
an element which must exist in the sun’s atmosphere to permit its 
spectroscopic detection is very great when measured by ordinary 
standards. For example, the platinum line at \ 3064.696 (R=1) 
indicates the existence of some five hundred million tons of the metal 
in the reversing layer. This is of course very small compared with 
the whole mass of the reversing layer, which, as we shall see later, 
probably exceeds 10S tons. 

10. Numbers of atoms effective in different energy-levels—Accept- 
ing, then, for the present purpose, the calibration tables determined 
last year, we proceed to determine the “effective numbers” of atoms 
of the elements in their various energy-levels. The most direct way 
to do this is to calculate N by equation (1) for every solar line arising 
from the given level and add the results. This has two disadvan- 
tages: first, some lines are obscured in the sun by blends; second, 
on account of the approximately logarithmic character of Rowland’s 
intensity scale, accidental errors of the estimates which make RF too 
great increase the sum far more than errors in the opposite direction 
diminish it. When no theoretical information is available regarding 
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the relative intensities of the lines, as is the case for lines of a singlet 
system, or for inter-system combinations, these sources of error are 
unavoidable. Fortunately they affect the final sum in opposite di- 
rections. In normal multiplets, however, both may be avoided. If 
N’ represents the sum of the number of atoms effective in producing 
the whole multiplet, and NV that for a given line, one may write V = 
N’F, where F is a factor depending only on the quantum numbers. 
The values of these factors have been determined by several inves- 
tigators.t Each line then gives an equation of the form 


log N’=B log A—logF . (3) 


By taking the mean of the values then found for all the lines of a 
given multiplet, the systematic effect of the errors of Rowland’s 
estimates is eliminated, and the loss of some of the lines by blending 
is no longer serious. Errors may arise in multiplets when the actual 
intensities differ seriously from the theoretical. These will be serious 
only when some lines are abnormally faint. Such lines can almost 
always be recognized on the basis of laboratory intensities, and 
omitted from the mean. 

One further complication sometimes arises. A good many of the 
stronger solar lines are given by Rowland as double, though all other 
evidence indicates that they are single. To add his intensities for 
the ‘‘components” gives much too high an intensity for the line, as 
is shown by comparison with other lines in the multiplet; but the 
assumption that the actual value of N is the sum of the values com- 
puted for the components as if they were separate lines gives results 
for NV’ in fair accordance with the others. As an example of the 
method, the strong multiplet a*F’—a‘G’ of Ti 1 (3340, etc.) gives 
the results in Table XI. 

No theoretical formulae for the relative intensities of different 
multiplets arising from the same lower level are yet available, ex- 
cept for a few very simple cases, and our best recourse is to add the 
individual values of NV’. Their sum, which may be called M, ex- 
presses the whole number of atoms effectively at work for the given 
spectroscopic term. In a few cases, where the term separations are 


* For numerical data see Russell, Proceedings of the National Academy of Sciences, 
II, 314, 1925. 
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very wide (as in 77 and Pb), the separate components have been 
treated independently, but this is rarely necessary. 

In practice, it is usually found that much the greater part of M 
is contributed by a few multiplets, which correspond to transitions 
within the same family of terms (§2).t When these multiplets lie 
in the observable part of the solar spectrum, the values of M derived 
from the solar lines should be nearly correct. When, however, these 
strong groups are inaccessible, M will be too small. Present knowl- 
edge of spectra is sufficient to permit the recognition of these cases, 
except for a few complex spectra, notably the rare earths. 


TABLE XI 

ela ding R log V —log F log NV’ 
Ue OT eee cee 7+-2 3.8 0.48 4.3 
Die E deta retical state. 8 3.0 ©.59 4.5 
steep Ser Coe ae Ee 5+5 35 O.72 4.2 
DOr uae Soe z 2.0 0.84 2.8 
Bee Oana RO 3+3 Dae 1.64 4.0 
AA Naka ned nice eee 5 Ber 1.52 4.6 
Beat ale a vias elaks 3 2.0 I.64 3.6 
Ara reReeran weve ttre 2 Te3 Br20 455 
BQ ra uct sia er sits 2 tad 2.10 4.4 
ILS ara rea eee | cc cher actar aeeeedeil ene eno eee meres! | tiucneis caste 4.10 


The results deduced in this way from the Revision of Rowland’s 
Table are given in Table XII. The first two columns give the element 
and the spectroscopic term. The notation 4s, 3d, etc., has the sig- 
nificance described in $1. The designations of a few configurations 
which do not fit into this simplified scheme will be understood by 
those familiar with the subject. The third column gives the ex- 
citation potentials, measured from the lowest known energy-level, 
and the fourth, the number of lines, arising from the given term, 
which have been taken into account. For 77 and Fe all the lines of 
any strength were tabulated. For most of the rest, the lines which 
would obviously make but an insignificant contribution to the final 
sum were ignored, and the numbers are much smaller. The fifth 
column contains the value of log M, obtained from Rowland’s in- 


t Many of these are listed in “Related Lines,” Mt. Wilson Contr., No. 341; Astro- 
physical Journal, 66, 184, 1927. 
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TABLE XII 


NUMBERS OF EFFECTIVE ATOMS 


El. Term E Lines log M log M Comp. 

EL A eneste e I JS) O00.» llaa saat el saverebbosamiensmiouees TDs) 
2 aS, P I0.15 I Soh 35 

| A ea a oe 2s % ©.00 I Teva resp 
EY Serecg rr oe 2s «3$ OOOs Ail scersra esciscieiff eee crest store rarrerreye 1.8 
2p 3P Zage 2 > 250 oO.1 

Bee he 23, 745 ©.00 2 Dat 0.8 
C 2p 3P’ OL00% | ehiasotonl qantas centres 7.4 
38 3P 7.45 6 >0.9 De 

38 tp 7.59 I SS Sy, 0.6 

I iter cata deter 2p 4S’ 100 sell odtcersas eral Sentara ees 6 
ge ed 10.30 a >-0.7? —0.7 

ON inghae noes = 2p) oP OQLOOK || Ha eaten Sailer tomrseryver metre 9.0 
3s SS Q.11 3 hee 185{0) 

3s. 8 9.48 2 0.0: 0.5 

Is ers 2 et teteand 38 28 0.00 4 4.0 ° 
Bye, ede 2.09 15 2107 iy 

Mg ee ees ere RS ©.00 I Boe Ss 70) 
c) oe 2 Le) II 4.8 5.3 

Se Pk 4-33 ste) >4.0 3.5 

s. 35 5.09 I >>0.8 2.9 

(3p)? 3P’ 7.14 Is >-0.7 1.6 

Mgt.. 3s «6-8 O00: Shae o Aaalleeeee eee ere aes ied 
eral 1D, 8.83 2 0.3 0.9 

Aly etme Boy 7 dy ©.00 5 4.6 4.6 
4s 3S 6.18 2 >>0.6 1.4 

ALEC oe 3s 35 OOO Maillon pearacas| erctmerrne ey etter as 6.4 
ere! 7-39 I Bae 0.3 

SE aes eet sieve eyo ELeY OL00! 6 || acrraerine [niece eee tte weitere Teo 
2p) =D ON 7 7s wallienctershen ators ta|| ath, see amt aua ronal ote 6.0 

ciate) 1.90 2 3-9 4.4 

4S 3p 4.91 ste) ae 2.8 

AS aurea: 5.06 I Ze ash. OG) 

SE cote Bp. 2P OOM | cya aterarsvord |e ocd ope coteo eel 730 
(3p)? 7D 6.83 3 >>0.9 1.4 

48535 8.09 2 1.0 —O.4 

ee isjcgne sere aie, yo EY OZOO™ MNS aren cis'ets | eur eee oer ey 
AS en: 6.50 I 0.0 °.0 

REN ac tesot.« 4s 3 ©.00 5 2.8: 2.8 


* Line appears only in sun-spots. 
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TABLE XII—Continued 


El. Term E Lines log M log M Comp. 
(Cle alee ce 45) 45 ©.00 3 4.1 Fig 
4p 3P I .88 35 >3.6 UAE) 
3d. sD 2.51 33 3-4 3.2 
exe AD) 2.70 II 255 2.6 
AD tz 2.92 7 >2.8 Deo 
Cae retest 4s 8 0.00 2 6.7 6.7 
3d 6 "=D 1.69 3 aac: 6.0 
Pe Sa 3.12 5 3-5 4-5 
oy hy 7.48 2 Oey, 0.8 
Oh ween oe 4s *D ©.00 15 1.6 I.9 
3d 4F 1.43 12 >o3 °.8 
3d 0s 2” 1.85 5 SO. 0.2 
cece NA ee 4s 3D 0.01 15 327 Bas 
4s 40) 0.31 3 320 2.8 
3d 3’ 0.61 II 255 oer 
3d *D T35 3 T.7 1.8 
Yel. EYE I.49 Io Tod 2.0 
(4s)? 3S I.45 I Ons Tes 
eyel 4G; 1.76 I I.4 1.7 
Eb Usterstsionertod «> e 4s 3F” 0.02 37 8.0 Beis 
3d SF’ 0.82 28 2.0 2.7 
4s ‘*D °.90 6 ZO ae 
4s 3p’ TOS 26 >2.0 2.3 
3d) 3” 1.44 17, 222 2.0 
48 1G I.50 6 SA 1.8 
3d = SP’ 1 17 1.9 re 
3d =63G 1.87 20 1.8 Ee 
4p 5G’ 2.00 15 1.3 1.8 
4p SF 2.09 Io es Ley 
3d =3D PRS 24 Ter T.2 
3d = 3p’ 2n23 5 >o.4 1.0 
3d 3H’ 2.24 Io 1s Tes 
toh Xs 2.26 6 Bons 0.9 
4p 5D’ 2.29 9 >o.6 ea 
Eye Ga) col 2532 7 >o.6 0.9 
Ftel | 90) 2.50 2 0.2 0.5 
2d tH’ 2254 6 >0.6 °.8 
LR sg aka AS ok 0.02 22 4.5 4.8 
ody 0.13 19 Art 4.7 
4s ?F’ 0.58 6 4.2 Boe 
AS) 42D) I .08 16 350 ons 
ada 2G, 5 Uae 3 8 272 ail 
ad. 4P! 1.16 16 Bee Bes 
aq) 3p" 1.22 8 B52 Ze 
4s 4B! I .23 13 Ce ye 
eel 1) 1.56 20 Bae aH! 
od.° CE’ 1.57 7 3-0 3-4 
4s 3G 1.88 9 BE2 Byatt 
48 2.04 9 2.4 2.4 
al 2.58 4 Paes) 2.3 
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TABLE XII—Continued 


El. Term E Lines log M log M Comp. 
| een cerry. 4s 4F’ 0.03 46 23 305 
3d 6s 6D 0.28 49 2.9 220) 
3d 4D 1.05 29 Sal Bae: 
Vig ayers 3 3d 65D OHOO ald] Ss teger ee aisievin neers peer 4.8 
4s os 0.36 8 >3.9 4.6 
48 pee 1.09 17 Bae) 3.8 
2p I.43 7 Sth ae eyalt 
3G 1.80 Ir 253 B28 
3H’ 2.50 15 2.5 2.8 
Se OCR one 3d 6S ©.00 8 4.3 4.0 
3d 8S ©.94 8 279 Giap 
4s 5D 0.98 51 > 30 Ane 
3d 5G 2.53 40 4 Ca 
CEA irasis alts yah GS e\Kovot Wil erie cet emis einen Soe 5.6 
45, 2 oD) TSO Pilicncsie lenttase meee 5.0 
48 4D 2.43 21 aA 4.0 
2p 2.69 18 PoP dae) BiG 
4D 3.09 9 ey fe: Bos 
Mat re rcinra ss 4s °S 0.00 7 3.0 xis 
3d 2 2.14 41 3.6 Bd. 
ap. PF 2.29 14 3c5 3-4 
3d 64D 2.91 26 267 2.8 
4p “PP 3.06 14 2.9 oie) 
1 iy dae ae 4S 7S O00. Saliscsmcitenenaal ocadetem arene eee a 
4s 35S Te A |e, SPS cecil ests ccomar eer ieee 4.6 
3d SD 83 i >>3.2 4-7 
EB Glewers = sisters 4S sD 0.07 86 OE 6.6 
sme 0.99 133 Sey/ 5-7 
3d SE” TSA Or (ap 5.0 
3d ap 2.19 86 4.3 4.3 
4s x 2.38 56 su 4.2 
4p "D’ 2.41 56 An2 4.5 
oH! 2.42 38 Bey 4.5 
3F 2.57 36 25 Ana 
os Sf 38 4.1 4.1 
3d = 3P 2.83 31 3-4 3-5 
4D ee 2.84 53 4.2 4.3 
ANY aL 2.98 27 FAR: 3.8 
4p 3P 4.23 5 >2.4 2.4 
df Ee 4s °D O00) Ai cr eset se miele s 6 
Sea Dede Wee enol ree ae 9 
3 O33 vetalet cnet oo oeete eee eae 6.7 
4s sD I.04 II >>4.0 5.9 
3d ee 1.69 II oe a Sia 
4S ‘P’ 2.68 12 2.0 Ass 
4s 4F 2.82 18 Bae ONG, 4.6 
(4s)? 8S 2.88 12 >>2.7 AON 
4s 4G 3.18 13 oe: 4.4 
4S 4D 3.88 8 Po aie © ors 
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TABLE XII—Continued 


Term E Lines log M 
4S aE 0.12 34 >3.6 
3d 4B” 0.54 38 Ane 
3d *F °.98 15 3.9 
3d sD ©.12 25 (eo 
4s 3 ©.14 42 >4.4 
3d 6¢*D 0.42 17 405 
4s =i) 1.67 14 2.8 
Gots 1.82 5 2.9 
oy hs) 0.00 2 4.5 
4s 4D Text 3 >>1:8 
(4p) ?P 3-79 7 ies 
4p 4P 4.82 I = One 
4p ‘F 5.07 3 >>0.0 
4s ‘S 2.00 I ny 
4p 3P 4.02 7 1.9 
Ape e. 5297 2 0.5 
ADE ck: ©.00 I One 
4p  3P’ OROST™ | levine cicestns | utioes sree three care 
whey 2AD) 0.88 3 1.4 
4p 2.02 2 oO. 
4p 4s’ SOM |e Pere tet olaetebers os iver 
Ap 4D! pan Fe ae | Pee Cored ROME Me retard acti 
Ap) 4k 2.27 IP So ann 
AS ©.00 2 Onb 
Soe 25 0.00 I 0.6 
Speck. 1.80 4 >—0.4 
5s 35 ©.00 2 3-4 
5p *P 2.97 4 1.2 
ict LD) 0.03 9 0.8 
4d 0 4F” 1.36 4 0.0 
(ss)? 3S 0.00 3 ton 
5s 3D ©.10 18 25 
5s 4M) ©.40 4 1.6 
4d 3F’ I.00 II Tox 
4d = 3p’ t.72 6 Onts 
5s 3F’ 0.07 18 0.3 
4d 5” 0.66 9 0.0 
4S oe 0.08 19 2.4 
eyel 4D 0.34 12 105 
4S *D 0.54 5 at 
4s ay 0.75 7 8 
eel eae! On73 4 pene 


oF 


log M Comp. 
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TABLE XII—Continued 


El. Term E Lines log M log M Comp. 

OU een eee 4d sD Ol00" 6 || Graectaale cence 0.8 
ss SE” °.40 4 >0.3 0.6 

MO es oe ers 20S rove Wan cee he tall (ae ren AS hierar ent cid 0.3 
4d) 65S 138 I —On0 —0.9 

5s SD Lesh 5 Pe 0.0 

Mot Ad 2S G,OO)  wilinse arcteleeaeha linc mroeeeremeaeieeetete neg 
5s 3B) Tage’ 9 lnecsthra cence, be Sovaaciae stoners 0.7? 

A AAD 2.4? 2 >=1.7 —o.2? 

Reb siete sive ie 4d SF’ 0.16 5 >0.0 °.9 
4d 3’ 0.97 B 0.0 0.0 

Rin eecouters 4d at 0.27 8 —o.6 —0.3 
4d ?F 0.88 1 — O10 — Ter 

20 eee GEE AS OOO?” '.5 rapes | eeagnenenenner tetera o.1 
4d 3D I .00 5 0.4 0.4 

4d *D mAs 2 P10} (0) —0.4 

AD Reet os <n rei 4d «938 ©.00 2 0.0 0.0 
GUS Rens as 5s, ¢S ©.00 I Se Ly/ 2.1 
In yop fade ©.00 I Onan —o.1 
Sih oe tresint is sp 3P’ ONZT ool ea ccey aot hemes aeeaoe eters 0.3 
sp %D 1.06 2? On, O17, 

Der dickeret SD tS: ooh Miata rn oe del en ee PRO coir ore Ong 
sp» 2D! TDA teens eee tae eee —0.3 

Go dn 2n05 2 > —2.0 —1.3 

Bigs Bare 6s % 0.00 2 3.0 2.9 
sd. 2D 0.65 3 2 3.0 

Gp se. 2.60 4 1 GP} 2 

LE ero sds 3’ 0.12 12 I.4 tes 
aL) ety) 9 0.9 °.9 

6s 3D On32 13 res Taz 

i) ©.9I I eo —(0),.A =—O7.5 

fel -E, 0.92 I 0.0 0.5 

Core. cro ee oer ee 0.4 249 Dy 2.1 
Ji Be ee TOE (SOEs ae °.4 18 om} @).2) 
IN Gener wets | Pk oe OEE ee 0.4? 107 1.6 1.6 
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TABLE XII—Continued 


El. Term E Lines log M 
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tensities as described above, and represents the ‘‘absorbing power” 
of the term. For the H and K lines Unsdld’s measures (§ g) are used. 

The sign > preceding an entry signifies that important multi- 
plets arising from the term are known to be out of reach in the infra- 
red or ultra-violet, and >> that such multiplets are much stronger 
than those observed. Lines which appear only in sun-spots are de- 
noted by an asterisk. A colon means, as usual, that the results are 
uncertain, and a question mark, that the attribution to the given 
element is doubtful. For C, V, O, S, K, and Rb, most or all of the 
lines are in the deep red, beyond the limit of Rowland’s original 
work, where the scale of intensities may differ considerably from 
Rowland’s and has not been independently calibrated. These val- 
ues of log M may be too low. For hydrogen, the situation is peculiar. 
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We should expect the widths and intensities of H8, Hy, H6 to dimin- 
ish rapidly, since the transition probabilities fall off. Unséld’s meas- 
ures,’ however, show that this is not the case, and some exceptional 
influence must be at work—perhaps the Stark effect. The Ha line 
must also be affected, though to a less degree. The tabular value is 
derived from Rowland’s intensity for this line alone, without cor- 
rection for the factor 0.64, which expresses the theoretical value for 
Ha relative to the sum of the whole Balmer series. It may neverthe- 
less be too great. Unséld’s measures of the width of this line, treated 
similarly, give log M=4.1. This is probably considerably too great, 
for the reasons stated. For the rare earths, whose spectra have not 
been analyzed, the sum of the values of WV for all.the unblended 
lines has been taken, and increased pro rata in proportion to the 
number of blended lines recorded. The values of the average excita- 
tion potential for these elements are rough estimates based on the 
data for Lat and Hft. Many of the lines of the latter are unclassi- 
fied, and the same method has been applied to them. 

The band spectra due to compounds, which appear at the end 
of the table, have been treated in the same way. These bands are 
all absorbed by unexcited molecules, but, owing to the vibrational 
and rotational energy, the excitation potentials may be somewhat 
above the zero values entered in the table. The fifth column of the 
table contains values of log M calculated in the way described be- 
low ($13). These values have been included, for completeness, in 
a number of cases where no observations can be made. 

11. Discussion of these data.—Much has been written on the 
theoretical distribution of the energy states of the atoms in a stellar 
atmosphere. An exact discussion would be very complicated, but, 
fortunately, there is good reason to believe that the most simple and 
obvious approximations should give results close to the truth. 

The temperature of the reversing layer doubtless increases to- 
ward its base, but it is probable that the change is relatively small. 
According to Eddington,? it increases from 0.81 to 0.88 times the 
effective temperature 7, between the outer boundary and the depth 
corresponding to the optical thickness r=0.25. These values hold 

* Zeitschrift fiir Physik, 46, 778, 1928. 

? The Internal Constitution of the Stars, pp. 332 and 335. 
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for the integrated light. For the center of the disk the range is 
from the same lower limit to 0.91 7,. Since most of the material is 
in the deeper layers, the assumption T=0.87 T, would appear to be 
reasonable. For the sun, T,=5730° and T =4980°. 

The pressures in the upper and lower parts of the reversing layer 
must differ very greatly. Milne’ has just shown, however, that the 
assumption of a uniform pressure gives surprisingly good results. 
Although the opacity actually increases gradually with the depth, 
the line contours should be very similar to those produced by an 
atmosphere devoid of general opacity and overlying a solid photo- 
sphere, provided that the amount of matter in this fictitious atmos- 
phere were equal to that which is actually above the optical depth 
7=1/3. The “number of atoms above the photosphere’’ then takes 
on a definite meaning. He shows also that the total numbers of 
neutral and ionized atoms above any depth will be very nearly the 
same as those calculated from the elementary formula of Saha, with 
an electronic pressure one-half of the value at the given depth. The 
effects of a chromosphere supported by radiation pressure are ex- 
cluded from consideration. 

In what follows, we shall therefore consider the sun’s atmosphere 
as having a definite temperature T, and a definite electronic pressure 
P. In thermodynamic equilibrium, the number M, of neutral atoms 
in any energy state is then given by the equation 

5040 E 

log M=log A,+log W— yak (4) 
where A, is a constant depending on the abundance of the element 
considered, W is the total quantum weight of the state or the cor- 
responding spectroscopic term, and £ the excitation potential in 
volts. The value of W is the product of the multiplicity of the term 
(x, 2, 3, for singlets, doublets, triplets) by 1, 3, 5, 7, for S, P, D, F 
terms. For terms arising from electron configurations involving two 
equivalent s electrons, these values should be doubled.? Such terms 
occur in Be, Mg, Ca to Zn, Sr to Cd, and Ba to W for the terms de- 


t Monthly Notices, R.A.S., 89, 3 and 17, 1928. 


2 W. Heisenberg, Zeitschrift fiir Physik, 38, 411, 1926. For the application to more 
complex spectra, the writer is indebted to a conversation with Professor Sommerfeld. 
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noted by 2s, 3s, etc., in Table XII. A few similar cases in ionized 
atoms are denoted by (4s)? and the like. For an energy state of an 
ionized atom we have 


E 
log M,=log A;+log W,— A ; (5) 


where A, is the abundance factor for ionized atoms. This is con- 
nected with A, by Saha’s equation 


log A,—log Ao= — SoM sg log T—6.5—log P. (6) 
If we set 
$ log T—6.5—log p= Sele, . (7) 
this means 
log A,=log Aves I.—-I) . (8) 


ae 
The constant J, is the ionization potential of an element which would 
be just half ionized under the conditions. It may be taken as de- 
fining the “‘level of ionization” in the star’s atmosphere. 

We have finally to take into consideration the fact that the 
atmosphere may not be in thermodynamic equilibrium. The com- 
parison of solar and stellar spectra affords evidence that this is the 
case.’ The lines arising from excited states are stronger in the cooler 
stars than the elementary theory expressed by equation (4) predicts. 
The degree of ionization appears to be unaffected. We may take 
account of this by writing 


log M=log A,tlog W— i ETO (9) 


and similarly for ionized atoms. It is assumed that C is a function 
of £, which must be determined empirically. The evidence from the 
stars indicates that C is small at first, but increases rapidly when E 
exceeds 2 or 3 volts. Were it not for the limitation of the solar 
record, the determination of this correction would be simple, es- 
pecially since for the sun’s atmosphere 5040/T7=1 within the un- 


* Adams and Russell, Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 11, 
1928. 
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certainty of estimation. Each value of log M in Table XII leads by 
(9) to one of log A—C for the same element, and a plot of these for 
elements such as Fe and Ti would give values of C up to E=4.5. 
But so many of the lines arising from these higher levels are in the 
infra-red that this is impracticable.t The data are, however, suff- 
cient to show that C is small if E is less than 2 volts, and to give 
reliable values of log A, for the neutral atoms of many elements, 
and of log A, for a smaller number of ionized atoms. When we 
know A, and A, for the same element, we can find J, by (8). The 
determinations of this quantity from different elements are in good 
agreement (see below). Taking the mean, we can then find A, for 
any element, if we know A, and J. 

Now there are a few solar lines of Sz*, Mgt, and Al‘, for which 
E is between 7 and g volts. Having found A, for these elements, as 
just described, we may use these lines to obtain the values of C 
corresponding to these large values of H. The results are discordant. 
The Sz+ lines Ad 6347, 6371 give C=2.6 for E=8.09; Mgt Xd 4481, 
C=0.7, E=8.83; and Alt \ 3900, C=—0.5, E=7.39. In all these 
cases the lines are the strongest which arise from atoms in the given 
state, and the correction on this account is small. 

The Al* line is very faint and deserves half weight. We there- 
fore adopt as a mean C= +1.2 for H=8.2 volts. In default of fur- 
ther information, we will assume that C=o.15£ for all values of E. 

A more satisfactory determination of the important correction 
is much to be desired; but no further solar data are available. Ina 
star of earlier spectral type, such as Procyon, a larger number of 
enhanced lines would be available, and determinations of the cor- 
rection, made for dwarf stars, might perhaps be extended to apply 
to the sun. To use giant stars for this purpose would be unsafe. 

As matters stand, the determination of the solar abundance fac- 
tors A, and A, is little influenced by this uncertainty for the metals, 
while the values for the non-metals, especially those of low atomic 
weight, remain considerably uncertain. 

12. Level of ionization in the sun—There are five elements for 
which the principal lines of both the neutral and ionized atoms are 


t This difficulty does not affect the comparison of the intensity of the same lines in 
the sun and a star, on which last year’s results were based. 
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accessible. Each of them may be used to determine the level of 
ionization J, by the equation 


Es 
ees (log Ar—log Ao) . (10) 


The results are shown in Table XIII. The five values agree remark- 
ably well, when we consider that they have been determined in 
some cases (Ca) from extremely strong lines, and in others (Sc, Y?) 
from very weak ones. Giving double weight to the values for Ca 
and Ti, we find the mean value J, =8.26+0.08 volts. This probable 
error, which is derived from the residuals, should be taken only as an 
indication of the consistency of the determinations. The value J,= 
8.3 volts will be adopted in the present discussion. 


TABLE XIII 


IONIZATION IN THE SUN 


ELEMENT 
Ca Se Ti Sr Yt 
LOM cs games tite 4.2 One our On —0.4 
NOG Saati ceccrts 6.4 255 B09 3.0 a2 
log Ar—log Ao..... 2.2 PBA, Tene Dyee4| 1.6 
D Es AMPED a eat 6.1 6.6 6.8 5.6 6.5 
TP homtraa nal new She 8.3 8.8 ‘ 8.0 8.3 8.1 


By equation (7) this corresponds to the electron pressure P = 3.1 
X10-° atm. =3.1 dynes/cm?. These values of J, and P depend on 
the assumed temperature of the solar atmosphere. If, for example, 
we had taken T= 5740”, as Milne does in his latest paper,’ we would 
have found J,=8.53 volts and P=2.5 10° atm. The computed 
pressure is much more sensitive to changes in the assumed tempera- 
ture than is the value of J,. The latter appears, therefore, to have 
considerable advantage for the specification of the state of a stellar 
atmosphere. If only the farther ultra-violet were accessible, the 
enhanced lines of the more difficultly ionizable elements could be ob- 
served, and the value of J, found almost as a direct result of observa- 
tion, independent of any theory except that involved in the calibra- 
tion of the lines. The pressure here derived is in fair agreement with 

* Monthly Notices, R.A.S., 89, 35, 1928. 
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the values found by the same method from the calcium lines in stars 
by Miss Payne and Mr. Hogg? (P=2.54X10~° atm. in class Go) 
and by Unséld? from the strontium lines (3.3 X10~°). From the cal- 
cium lines Unsdld finds 3.41077. The difference arises mainly from 
the fact that the other calcium lines used in the present work give 
a greater value for A, than does \ 4226. Unsdld’s value, which rests 
on precise measurements, is doubtless more accurate, but the mean 
value resulting from the calibration of Rowland should clearly be 
used in the present work. 

13. Abundance of the elements in the sun’s atmosphere.—With the 
constants thus determined, we may now compute the number, M, 
of atoms which are in any given energy state, neutral or ionized, by 
the equations 


log M=log A,+tlog W—o.85E (neutral atom) ,_ | 
log M=log A,t+log W—0.85E (ionized atom) , (rr) 
log A,=log Ao+J,—I. 


Each observational value of log M gives one of log A, or log Ax. 
Mean values of these for each element are given in Table XIV and 
the values of log M calculated from these in Table XII, under the 
heading ‘‘Log M Comp.” In adopting these values and adjusting 
those of A, and A; to satisfy the ionization equation, the accuracy 
of the individual values of log M has been kept in mind. Examina- 
tion of Table XII shows that, for the more abundant metals, a 
change in log A, and log A;, by 0.1 or 0.2 at most, is all that is per- 
missible. For some elements, such as Sz, the data are discordant, 
and the uncertainty greater. There are many elements, however, 
for which the determination rests only on a few faint lines, and in 
these cases the tabular values are only an indication of the order of 
magnitude of the results. Such cases are denoted in the table by a 
colon, while a question mark indicates that the origin of the lines is 
doubtful. The remaining columns of Table XIV give quantities re- 
lated to the abundance of the atoms in the solar atmosphere. > is 
the whole number of neutral atoms per unit area, derived from the 
sum of the values of M for the different energy levels, and S;, the 


t Harvard Circular, No. 334, 1928. 
2 Zeitschrift fiir Physik, 46, 778, 1928. 


315 


HENRY NORRIS RUSSELL 


46 


TABLE XIV 
ABUNDANCE OF ELEMENTS AND COMPOUNDS IN THE SUN 


log Ao log Ax log So log Sx log T log Q 


El. 


sl ay 
OoOnnrar 


onaae 
mMmnurwy 


eA da! SSF 
nnhHNrw 


Ath BH 
HtTNO WH 


Ngee Mon 
ottine 


COSC Oe 
HmMtNM 


316 


COMPOSITION OF THE SUN’S ATMOSPHERE 47 
TABLE XIV—Continued 

El log Ao log Ax log So log S: log T log Q 
SVD Acoev tds. Seton ate GOR rl A Oe Senna (Cane e regis teats oy 
LIAR ca aiegts Gath A nS ORE AON Oo eI ne eee Teas t.4° SEO: 
Gd eran rate | Ure ae ee | caret ase ale Sane as eos Tere aegis Baas 
IOI 6 bios Olt eee eater re ere | tote eRe (eeceaeies eae £6; i BAO BED. 
TEE. 0 se CREEL AE DI DOE COURT CA cas Osun: Ons 203% 
Jefe cS REND Cocpel Ie a eae RO cate eet 0.4 0.4 2.6 
Wi arse ors — 1.5 — 1.5 —o.1 — 0.1 On2 2.5 
YA 2s A Sar ORs — 1.5? — 2.52 — 0.5? — 0.5? — 0.2? 2.1° 
Y 3 rR ee 0.4 0.0 atti TO 1.6 3.9 
Dita Macaca oc — T.2° Tear — 0.8? 1.4? 1.4? 2a7r, 
TED css as ase 0.0 °.9 °.2 Dae ee ils 
(CUP pe oer eA eee ee oe Ee cc. ears eee 3.2 4.6 
(CAs Alco cite Oo ISPS ee Re a Cnet eee Dogue eaten. t-3 2.7 
CI ER 8 See AAPA ps COS atl RI ee vets | [ein shew 3.0 4.1 
INGET: 8 a Sopra GOCE Grea Yes | Wore nr ae 25 Bes 
OTe retains (iecaoret ees |e nee a 3 Om eee: 3.0 4.2 
LES O) Rene areea ole ca hn, en il (One Saket ce Seay TTA me | cysriree 1.4 2.8 


number of ionized atoms. In a few cases such as Ru ut and Rh uu, 
the calculation of S, involves assumptions regarding the nature of 
the lowest terms in spectra which have not yet been analyzed; but 
the uncertainty thus arising is much less than that of the observa- 
tional data for these elements. The next column gives log T, where 
T is the total number of atoms of the element considered in both 
stages of ionization. Doubly ionized atoms may safely be neg- 
lected. They should be relatively most numerous for Ba, for which 
log S,=1.3, but this is only 1 per cent of the number of singly 
ionized atoms. For the rare earths the values of S,; have been di- 
rectly calculated by the approximate process described in §10. The 
ionization potentials are unknown, and S, cannot be given; there is 
no doubt, however, that it is small, and that no serious error is com- 
mitted by neglecting it, as has been done here. For the band spec- 
tra, S, gives the number of neutral molecules. Finally, Q represents 
the total mass of the atoms or molecules of the substance per unit 
area of the sun’s surface. The tabular values are obtained by mul- 
tiplying T by the atomic or molecular weight. We have already 
found that the unit of T represents 6 X10” atoms per square centi- 
meter. That of Q corresponds, therefore, to 1.0X10-" gm/cm’. 

In a number of cases special considerations have been applied 
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in deriving A, or A; from the observations. For several elements, 
many or most of the lines arising from the best observable level 
are out of reach in the ultra-violet, and the observed value of log M 
must be corrected from the probable intensity. The corrections 
which have been applied are +1.3 for As, +0.3 for Cb*, +0.7 
for Sb, +0.5 for W and Pt, and +1.0 for Jr. Though rough esti- 
mates, they probably improve the tabular values. For Cd, only a 
single inter-system combination, 'S.—3Pz, is observed (A 3261). For 
this line Prokofjev' has found that the number of effective resonators 
is 1/600 that for the resonance line ‘S—'P. The values of the cor- 
responding ratios for lines of Ca and Zn, derived from the solar data, 
agree with his formula as well as could be expected: The correction 
+ 2.8 for the Cd line may therefore be adopted. For Mot the anal- 
ysis of the spectrum is fragmentary, and the relative energy-levels of 
the terms have been assumed to be the same as in Cr*, a permissible 
assumption, as very rough values will suffice. 

Finally, there are three elements, Li, In, and Rb, whose lines 
appear only in sun-spots. To attempt to correct for the change of 
ionization theoretically would lead us too far. It may suffice to 
take the observed intensities of a number of faint lines of other 
metals of easy ionization in the same part of the spectrum and thus 
find ratios of the change in log N from the spot to the disk. Thirty- 
seven lines between \ 4350 and A 4650 give a mean change of —1.9, 
which has been adopted for Im X 4511; thirty between \ 6100 and 
d 6600 give +2.6, which has been adopted for Li \ 6708, and in 
default of other data, for Rb AX 7947, 7800. 

Table XIV contains the principal conclusions of the present 
paper. The main source of uncertainty which affects them is the 
magnitude of the correction for departure from thermodynamic 
equilibrium. For the metals, this is always small, and the tabular 
data may be accepted with confidence. For the non-metals it is 
much greater (except for Sz). For C, N, O, and S, the value of E 
averages 8.4 volts, while for H it is 10.2. The uncertainty of the 
correction is at least 10 per cent of these values. To increase this 
correction would diminish the very large values for the abundance 
of these elements. For hydrogen the uncertainty is increased, since 

t [bid., 50, 708, 1928. 
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it is unknown how much of the width of the lines, which was clearly 
the main criterion in Rowland’s estimates of intensity, arises from 
special causes. Anything short of an extreme correction for both 
these factors would still leave hydrogen the most abundant element 
by weight, and more abundant, by number of atoms, than all the 
rest together. Even with a liberal correction, oxygen and its neigh- 
bors remain among the most abundant elements by weight, and still 
more by number. 

The values of log Q are plotted in Figure 3—the more reliable 
ones by solid dots and the less trustworthy by open circles. Two 
features of the distribution are conspicuous. First is the general 
downward trend toward the right, corresponding to a diminution in 
the abundance with increasing atomic number. The fact is familiar; 
its interpretation, less certain. The faintness of the lines of the 
heavy elements in the sun is commonly attributed to the tendency of 
the heavy atom to diffuse downward, below the photosphere. If this 
were the main explanation we should expect the heavy elements 
following Ba to be considerably less abundant than those which 
succeed S7; but the figure shows that this is not the case and sug- 
gests a relatively rapid fall for the lighter elements from H about 
as far as Zr and a very slow decrease for the heavier ones. 

Stirring of the solar atmosphere by currents and other forms of 
turbulence favors a uniform mixture. This process occurs on an 
enormous scale in sun-spots, where the material must ascend from a 
considerable depth. The fact that the lines of La* and other heavy 
elements, which are completely ionized even in the spots, are not 
perceptibly strengthened in the spot spectrum indicates that the 
difference in composition is small at the depth from which the as- 
cending vortex comes. It does not appear necessary, therefore, to 
assume that downward diffusion depletes the sun’s atmosphere of 
the heavier elements, though the possibility of such an influence 
remains. 

Second, there is a conspicuous zigzag arrangement of the points, 
which represents the well-known fact that the elements of even atom- 
ic number are more abundant than those whose numbers are odd. 
The generality of this rule is well illustrated by the diagram. Every 

t Russell, Astrophysical Journal, 54, 293, 1921. 
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element of even number except Be is more abundant than the mean 
of the adjacent elements, when both these are known, and every odd 
element less abundant, with the exception of Ew, for which the data 
are uncertain. For T/, which also looks like an exception, they are 
still more doubtful. There is little doubt, however, that Na and K 
are real exceptions, for if Ne and A, which precede them, were any- 
thing like as abundant, we might expect them to show in the flash 
spectrum. The average difference between log Q for an even ele- 
ment and the mean for the two adjacent odd ones is +1.03 (14 
cases), while for an odd element and the adjacent even ones it is 
—1.05 (15 cases). If the weaker determinations are excluded, these 
values become +0.86 for six even elements and —o.93 for ten odd 
ones. This indicates that the even elements are, on the average, 
about ten times as abundant as the odd. Among the rare earths and 
the heavier elements, only those with even atomic numbers have 
been conclusively identified in the sun. Certain elements stand out 
as rare in comparison with their neighbors—notably Sc, Ga, and Jn. 
These are well-known chemical rarities; it is surprising, however, to 
find As behaving in the same way. It may be that the estimated 
correction, which allows for the fact that all but weak lines of this 
element are inaccessible, was too small. The most striking examples 
of all are Be and lz. The latter is not ordinarily considered a rare ele- 
ment, but it is evidently present only in small proportions in the sun. 
The most abundant elements, compared with the mean of their 
neighbors, are Fe (and probably Na and K). If these individual 
differences are corrected for the general tenfold difference between 
odd and even elements, what remains is surprisingly small. Sc and 
Ga are one-twentieth and one-tenth as abundant as might be ex- 
pected on this basis, and Fe only three times more abundant. 

The abundance of an element is probably a function of yet un- 
known properties of the structure of the atomic nucleus. The re- 
sults here obtained suggest that, in general, these properties change 
slowly and rather regularly with the nuclear charge. The very low 
abundance for Zi and Be suggests that nuclei containing so few 
component parts may be hard to keep together. The amounts of 
the compounds which are present in the sun’s atmosphere are sur- 
prisingly small. No one would have guessed, for example, that CV 
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was but one-fifth as abundant as Sc. A moment’s consideration, 
however, shows that molecules have a great advantage in the banded 
nature of their spectra. A single electron transition, which in an 
atom gives rise to at best but a very few multiplets, will, in a mole- 
cule, produce a whole system of bands, containing perhaps thou- 
sands of lines. The width of a line and the amount of light which it 
cuts out of the spectrum vary approximately as the square root of 
the number of atoms which are acting. To break up one strong line 
into a hundred faint ones increases tenfold the total effect on the 
spectrum—as much as a hundred fold increase in the number of 
atoms would do, if the original lines were unaltered. 

For any atom which enters into one of these compounds, there 
are great numbers of the same kind in the free state. The values of 
log S for the combined atoms are, in fact, found to be 4.5 for C, 4.4 
for N, 4.2 for O, and 3.3 for H. Those given in Table XIV for the 
free atoms exceed these by 2.9, 3.3, 4.8, and 8.2, respectively. On 
the face of the record, then, only one atom in a thousand, at most, 
enters into combination. This accords with the fact that the band 
spectra are at the point of disappearance in class Go. From the BO 
bands, which appear only in the spots, the amount of combined 
boron corresponds to log S=2.4. For the free atoms it is probable 
that log S=5.5 or perhaps more. This value has been plotted with a 
question mark in Figure 3. There is but one element known to 
exist in the sun for which no estimate of abundance has now been 
made—and this is He. The intensity of its lines in the chromosphere 
shows that it must be present in considerable amount, but no quan- 
titative estimate seems possible. 

The total quantity of the metallic elements (among which Sz 
should be included for astrophysical purposes) in the solar atmos- 
phere can be determined with considerable confidence from the 
spectrum. That of the non-metals is much less certain. It is for- 
tunate, however, that the metals provide almost all of the ions and 
electrons. The values of S, in Table XIV indicate that the non- 
metals provide only 1/200 of the free electrons. If the correction for 
departure from thermodynamic equilibrium should be wholly dis- 
regarded, the calculated abundance of hydrogen—already very great 
—would be increased thirty fold; but even then the non-metals 
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would provide only 13 per cent of the electrons. The table should 
therefore give a practically complete census of the charged particles 
in the atmosphere. Summing the values of S,, we find, for the whole 
number of ions or electrons, 1.05 X10° of our arbitrary units, or 
actually 6.3 X10”? per square centimeter of the sun’s surface. Six 
elements, Na, Mg, Si, K, Ca, and Fe, contribute 95 per cent of these. 
Mg alone accounts for nearly half the total; Ca for 5 per cent. The 
number of neutral atoms of the metals comes out 2.6 X10’ units, 
or 1.610” atoms/cm’. Mg, Si, and Fe contribute 96 per cent of 
the total. The whole number of metallic atoms in the solar atmos- 
phere may therefore be taken as 8X10 per square centimeter, of 
which 20 per cent are neutral and 80 per cent ionized. 

The total mass of the metals is found to be 4.2 X 10° in our units, 
or 42 mg/cm?. The mean atomic weight is 32. The six most abun- 
dant elements account for 94 per cent of the whole mass. The 
amounts of these elements in the solar atmosphere, as determined 
in the present work, are given for reference in Table XV. Those of 
the compounds are added at the bottom. This table brings out very 
clearly the extraordinary preponderance of the metals in the second 
short and the first long period. The only rare metal among these, 
Sc, is more abundant than any one of the heavier metals except Ba. 
For all these metals together the total mass is only 0.7 unit—much 
less than that of any metal in the favored region, except Sc. The 
“heavy metals,” from Ba onward, appear to be somewhat less 
abundant than those from Ge to Sd, but this difference is relatively 
small. The extreme rarity of Zi and Be is conspicuous. The cor- 
rection factors for the non-metallic elements are too uncertain to 
justify their inclusion in the table. With the data as they stand, the 
number of atoms of C, N, and S together is 7.5 X10? of our units— 
about half that for all the metals; that of oxygen is 10°, and of hydro- 
gen 3X10. By weight the abundances are 10° for C, NV, and S; 
1.6 X10 for O; and 3X10" for H. It appears to be a safe conclu- 
sion that C, NV, and S are not more abundant, either by number or 
by weight, than the commoner metals. The conclusion from the 
“face of the returns” is that O is four times, and H eighty times, as 
abundant by weight as all the metals together. These numerical 
values should not be stressed; but the great abundance of H can 
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hardly be doubted. It is, however, very difficult to estimate it 
from the intensity of the Balmer lines. The great width of these 
may be partly due to Stark effect caused by the fields of neighboring 
ions or electrons.! This would make the lines stronger as well as 
wider; for the separate components into which the line is divided, if 
acting independently, would produce a greater total ‘“‘absorption” 
than a single line. This should still happen even though the fields 
differ from atom to atom, so that the components are smeared into 
TABLE XV 


AMOUNTS OF THE METALS IN THE SOLAR ATMOSPHERE, BY WEIGHT 
(Unit roo mg per Square Meter) 
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YG ee rane 250.: Vl kerry: .03 SS earn .005 
CO rahi ect: 200. Lip Maude 502 EU Skane .004 
Gude ere 0.2 Cosa Oo Gd wernt: .002 
fi Se 8. M Oral aes 003 DV eae .006 
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* Occurs in sun-spot spectrum only. 


a diffuse line? The tabular value, which is one-fifth of that calcu- 
lated by Unsdld from the width of Ha, is already partially corrected. 

14. Comparison with the results of other investigations.—The most 
important previous determination of the abundance of the elements 
by astrophysical means is that by Miss Payne,3 who determined, by 
Milne’s method of marginal appearances, the relative abundance of 


* Russell and Stewart, Astrophysical Journal, 59, 197, 1924; Eddington, Internal 
Constitution of the Stars, p. 354, 1926. 


?It may be noticed, in passing, that the effect should contribute toward the 
strengthening, in sun-spots, of lines which have complicated Zeeman patterns. 

3 Stellar Atmospheres (“Harvard Observatory Monographs,” No. 1), Cambridge, 
Mass., p. 184, 1925; also Harvard Observatory Bulletin, No. 835, 1926. 
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eighteen of the most important elements. The arbitrary zero point 
to which they are referred differs from that adopted here, and com- 
parison shows that this may be allowed for by adding 1.9 to Miss 
Payne’s values of log a, and 6.3 to those of her later paper. Taking 
the mean of her values when she has determined them for two or 
more stages of lonization, except that for Het, which is uncertain, 
and comparing with log T from Table XIV, we find the results given 
in Table XVI. The value given for H in Table XIV is uncertain, 
while Miss Payne’s value for K depends on the faint lines AX 4044, 
4047, and is therefore likely to be too low. If these two are rejected, 


TABLE XVI 


COMPARISON WITH Miss PAYyNE’S RESULTS 


El. Miss Payne] Table XIV Diff. EL. Miss Payne | Table XIV Diff. 
H I2.9 [ors] (+1.4) |] Ca. 6.7 6.7 0.0 
15 pease 5 WORRY Fetal SAS eet [oe gee fh een 6.0 5.2 +o0.8 
1 oe eee 1.9 2.0 —o.1 Veseree ee 4.9 5.0 —o.I 
(Cera ae 6.4 7.4 —1.0 Gorrie 5.8 Ese +o.1 
(OP cena 8.0 9.0 —1I.0 WR ae 8 6.5 5-9 +o.6 
Na. pee fe? Onn ees Gey ae —0.5 
1 RR Sea fea 7.8 —6,3 yin sti 4.9 +1.2 
Ale ees 6.9 6.4 +0.5 wy Amodae 205 coke +o0.2 
SS Boe ee vf Gh 52 +o.2 Ba.. 3.0 he —0.3 
Ora et Pees Bee 6.8 —1.5 


the average difference, regardless of sign, for the other sixteen ele- 
ments is +o0.44. This is a very gratifying agreement, especially 
when it is considered that Miss Payne’s results were determined by 
a different theoretical method, with instruments of a quite different 
type (Harvard objective prisms), and even on different bodies—a 
long list of stars, almost all of which are giants. About the only 
common features are the observations of spectral lines and the use 
of the ionization theory. 

We may next compare the results with the abundance of the 
elements in the outer ten miles of the earth’s crust,’ including the 
ocean and atmosphere, and in stony meteorites.2 The results are 
exhibited in Table XVII. Here 8.3 has been added to the logarithm 


tF, W. Clarke and H. S. Washington, Proceedings of the National Academy of 
Sciences, 8, 114, 1922. 
2G. P. Merrill, zbid., 1, 429, 1915. 
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of the percentage abundance in the earth’s crust, and 8.0 to those 
for the meteorites, to reduce them approximately to the scale of 
log Q. For the more prominent metallic elements, the relative 
abundance in the sun resembles that in meteorites more closely than 
that in the earth’s outer layers. The latter show an excess of Al, Sz, 
and Ji, and a deficiency of Mg, which is probably due to the preva- 
lence of granitic rocks. A deeper sample would be composed mainly 
of the heavy ferromagnesian rocks, and would show proportions 
more like those in the sun. The deficiency of the alkali metals in 
the meteorites is conspicuous, but unexplained. 


TABLE XVII 
ABUNDANCE OF ELEMENTS IN SUN, EARTH, AND METEORITES 
Me- Me- 
El, Sun | Earth} E-—S |teor-) M—S El. Sun |Earth} E—S | teor-} M—S 
ites ites 
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Among the non-metals, the figures for N are too uncertain to 
be of value. Those for C, O, and S indicate a considerable excess in 
the sun, or deficiency in the earth, while the difference for H is 
enormous. How much of this is real, and how much due to the 
uncertainties of the calculation, which are here greater than for any 
other element, is discussed in §16. It is noteworthy, however, that 
a discrepancy in this sense, and perhaps a very large one, might be 
anticipated in just this case. It is probable that the earth and the 
meteorites were formed by condensation from matter ejected from 
the sun, as first suggested by Chamberlin and Moulton. The ejected 
material must have been intensely hot, and would be likely to lose 
constituents of low atomic weight, hydrogen most of all. Moulton 
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long ago suggested that the low density of the major planets might 
be explained by the hypothesis that such losses were less im- 
portant for the larger bodies. In the outer parts of the sun, on the 
other hand, there are certain diffusional and electrostatic effects 
which tend to concentrate the hydrogen at the surface. Thus, for 
divers reasons, we might expect to find hydrogen much more abun- 
dant in the sun’s atmosphere than on earth. 

Table XVIII gives a comparison of the abundance of the less 
common elements in the sun and the earth arranged in order of their 
terrestrial abundance. For those in the first column, Clarke and 
Washington" give specific estimates of percentage. These all appear 


TABLE XVIII 
ABUNDANCE OF ELEMENTS IN SUN AND EARTH 

El Sun Earth El Sun Earth El Sun Earth 
BD tee tine 0 BA. ioe RO mercreteies SEO EACGS ian. oo.c rs 3.0 255 
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to be much more abundant on the earth than in the sun. It may be 
that Ba, Sr, and some of the others tend to segregate in the granitic 
surface rocks, as Ra is known to do. For the rest, the terrestrial 
data are rough estimates of the order of magnitude, which agree 
tolerably with the solar observations, except for the last few ele- 
ments. It is likely that these, especially Ga, In, and Ge, are widely 
disseminated in quantities too minute to be detected by ordinary 
quantitative analysis, and the same is probably true of Sc. 

15. Limits of abundance for elements absent from the solar spec- 
trum.—We are now in a position to compute superior limits, below 
which the abundance of the elements not represented in the solar 
spectrum must lie in order to account for their absence. It appears 
from Table XII that there are very few instances in which spectral 
lines are recorded as arising from a term for which the computed 


t Loc. cit. 
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value of log M is less, algebraically, than —1. Adopting this as 
the limit of “visibility,” we may find by (11) the numbers M, 
and M, of neutral and ionized atoms in the normal state (which, 
in the cases we have here to consider, are usually far greater than 
any others). If W, and W, are the weights of the normal states, we 
have, by (11), setting M= —1 for the state which fails to give ob- 
servable lines: 


log M,=log W,—log W+0.85E—1 y | (12) 


log M,=log M,—log W.+log Wi+1,—I. 


The limits thus calculated are given in Table XIX. The column 
headed X gives the wave-length of the line most likely to appear. 
When a question mark appears in this column, the most persistent 
lines from the level under consideration are known to be in the deep 
red or infra-red, but have either not been analyzed or not observed at 
all. In these cases, lines in the visible spectrum should also be avail- 
able, though they are often still unknown. Since these are second 
members of a series, the tabular values of log Q should be increased 
for them, probably by about 1. For B, P, and Cs the most promising 
lines of both the neutral and ionized atoms are included. In calculat- 
ing log Q, account has been taken, when required, of the relative 
number of neutral and ionized atoms (log M,/M = —1.4 for B, —2.2 
for P, +4.4 for Cs, and +0.5 for Bi). For Os, which has many low 
energy-levels, it has been assumed that S,++S, is five times the value 
of M, for the lowest level. 

The reason for the absence of most of these elements from the 
solar spectrum is now perfectly clear. The lowest abundance neces- 
sary for the appearance of even their most favorable lines is usually 
far above the values indicated by their abundance on earth, or by 
that of elements of similar atomic number in the sun. Only a few 
cases need special mention. 

Boron.—The infra-red lines 3s— 3p should appear, but these are 
so far out as to be accessible only with the bolometer. The pair 3s— 
4p should be in the yellow and may perhaps be found in the sun, 
after it has been observed in the arc. 

Phosphorus.—The infra-red lines should be near \ 10,000, and 
the same remark applies to them. 


328 


COMPOSITION OF THE SUN’S ATMOSPHERE 59 


Caesium.—The tabular data refer to the sun’s disk. According 
to our reckoning, the ultimate lines should appear in the spot spec- 
trum, unless log Q<3. It may be noted, however, that the arc lines 
of Ba do not appear in the spots, although, for its normal state, 
log M=-—o.2. For Cs", the excitation potential is so high that there 
is no possibility of its lines appearing in the sun. The lines at- 


TABLE XIX 
Limits or ABUNDANCE OF ELEMENTS Not OBSERVED IN THE SUN 
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tributed to this element in the New Rowland must be accidental 
coincidences. For Os and Bi the limit is low, but not so much lower 
than the observed abundance of the other heavy elements as to cause 
any serious difficulty. The atomic number of Os is even, which 
makes its rarity somewhat surprising. For Ra, in fine, there is ample 
reason why the actual abundance should be far below the limit here 
computed. 

The result of this survey is, therefore, that the absence of ele- 
ments from the solar spectrum is completely explicable, quantita- 
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tively as well as qualitatively, by the structure of their spectra. In 
a few cases it is probable that the atoms under consideration are less 
abundant than others of similar atomic weight; but in no case is a 
great discrepancy necessary to explain the facts. For only two ele- 
ments—boron and phosphorus—does there appear to be any chance 
of finding lines in the sun. In both cases, the anticipated lines must 
first be observed in the laboratory. 

There are several additional elements whose presence or absence 
in the sun cannot at present be definitely determined for lack of 
laboratory data. These are Ma, Il, Tb, Ho, Tm, Yb, Lu, Ta, Re, 
Th, and U. All but Yb, Th, and U have odd atomic numbers. 
Progress for Ta, Th, and U demands the identification of the per- 
sistent lines, preferably by the under-water spark; for the rare earths, 
better wave-lengths are required; while for Ma and Re material for 
spectroscopic study is not yet available. Some of these metals may 
yet be found in the sun, but their lines are likely to be very faint. 


IV. ASTROPHYSICAL CONSIDERATIONS 


16. The abundance of hydrogen and its consequences.—The results 
of the present investigations leave some puzzles to be solved. 

a) The calculated abundance of hydrogen in the sun’s atmos- 
phere is almost incredibly great. 

b) The electron pressures calculated from the degree of ioniza- 
tion and from the numbers of metallic atoms and ions are discordant. 

The former method (§11) gave a mean electron pressure P of 
3.1 dynes/cm?. Milne has shown that the pressure P at the bottom 
of the effective atmosphere should be twice this, or 6.2 dynes/cm?. 
At the end of §13 we found that the total mass of metallic elements 
above this level is 42 mg/cm’; that the mean atomic weight is 32; 
and that 80 per cent of the atoms are ionized. At the sun’s surface 
g=2.74X 104 cm/sec.”, so that the pressure due to the metallic con- 
stituents of the atmosphere is 1160 dynes/cm?. If no other constit- 
uents were present, the electron pressure should be 4/9 of this, or 
510 dynes/cm?. One of these values is eighty times the other. A 
similar discrepancy occurs between Unsdld’s value determined from 
the ionization of Ca and that calculated from his figures for its 
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abundance,‘ and has also been ool gb in the redder stars by Miss 
Payne and Mr. Hogg.? 

The assumption of a higher temperature for the solar atmosphere 
would diminish this discordance, but by no means remove it. The 
rather extreme assumption T=5740° (the effective temperature of 
the photosphere) gives from ionization P=50 dynes/cm?. A dis- 
cordance by a factor of ten still remains. 

c) We may add a difficulty arising from other solar observations. 
The calculated rate of increase of density with depth in the reversing 
layer is much more rapid than that indicated by observations of the 
flash spectrum. : 

It does not seem to have been noticed that the theoretical dif- 
ficulties (b) and (c) can be greatly alleviated, if not removed, by the 
assumption that the difficulty (a) does not exist—in other words, 
the solar atmosphere really does consist mainly of hydrogen. The 
solution of (c) is obvious. The depth for which the density in an 
isothermal atmosphere is doubled varies inversely as the mean molec- 
ular weight m. At the sun’s surface (with T= 5000°) it is 105/m km. 
A small molecular weight accords much better with the eclipse ob- 
servations. Menzel, for example, has made a brief report? on a de- 
termination of the law of decrease of density in the reversing layer 
by a study of lines in multiplets, which ought to give reliable values. 

The writer is greatly indebted to Professor Menzel for permission 
to state that his unpublished reduction of the Lick Observatory 
eclipse spectra shows that, in the lower part of the reversing layer, 
the logarithmic decrement of density, if a temperature of 5000° is 
assumed, corresponds to a mean molecular weight of about 2. 

If only hydrogen and the metals were present, this would deter- 
mine the abundance of the former. Take the number of metallic 


1 Milne, Nature, 121, 1017, 1928. 

2 Harvard Circular, No. 334, 7, 1928. It may be remarked in passing that the criti- 
cism which these authors pass (p. 8) on the method of calibration used by Dr. Adams 
and the writer appears to be needlessly severe, in view of the fact that lines of different 
elements were used in the two investigations and that there is no theoretical evidence 
that the effect in question ought to be the same for atoms of different kinds, and good 
observational evidence that it is not. 


3 Popular Astronomy, 36, 603, 1928. 
331 : 


62 HENRY NORRIS RUSSELL 


atoms per square centimeter as unit, and let H be the number of 
hydrogen atoms. Since the hydrogen is not appreciably ionized, 
the whole number of atoms and electrons is then H+1.8, and we 
have m=(H+32)/(H+1.8), or for m=2, H = 28.4; hydrogen would 
therefore constitute more than 96 per cent of the atmosphere by 
volume, and nearly one-half by weight. Now let O and He be the 
numbers of the corresponding atoms. We have then 


m= (H+4He+160+32)/(H+He+0O+1.8), 


and if m=2, 
H=28.4+2He+140. 


According to Table XIV, oxygen is four times as abundant by 
weight and eight times by volume as all the metals together. Miss 
Payne (Table XVI) makes it 1.5 times as abundant by volume as all 
the metals. This determination is probably better than ours, which 
suffers from difficulties in calibration, and we will assume O=2, 
whence H=56+2He. The abundance of helium is very hard to esti- 
mate, even in the stars, for its lines appear to be abnormally strong 
like those of hydrogen, though to a less degree. It is probably con- 
servative to guess that it is at least as abundant as oxygen. Setting 
He=2, we have the results shown in Table XX. Here log T and 
log Q are on the scale of Table XIV. The other non-metals, C, NV, 
S, etc., would probably add but little to the total. These estimates 
are provisional and will require revision when the density gradient 
in the flash spectrum is more accurately determined, when the 
oxygen lines in the deep red are better calibrated, and when—or if— 
the correction C for departure from thermodynamic equilibrium can 
be found with less uncertainty. 

As they stand, these estimates go a long way toward resolving 
difficulty (b). The whole pressure due to the solar atmosphere as 
here contemplated is 4.1 times that due to the metals alone, or 4800 
dynes/cm?, which is almost 1/200 of an atmosphere, or 3.6 “mm” on 
the familiar barometric scale; but the electronic pressure is only 
0.8/65.8 of this, or 58 dynes/cm?. To obtain this value from the 
observed ionization we must assume 7'=5800°, which seems im- 
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probably high; but none of the factors involved is determined with 
any great accuracy, and a tolerable adjustment could be made with 
a lower assumed temperature. It appears probable, however, that 
the temperature so far assumed for the reversing layer (5040°) is 
too low and should be increased to about 5600°. This would raise 
the computed level of ionization J, to 8.5 volts. The calculated 
ratio of the numbers of neutral and ionized atoms would be the same 
as before for J =6.3, the average for the elements used in finding J,. 
For larger values of J (Mg, Fe, Si), the computed degree of ioniza- 


TABLE XX 


PROBABLE COMPOSITION OF THE SUN’S ATMOSPHERE 
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tion would be slightly increased, but as the changes would affect 
log A by o.2 at most, there is no need to revise Table XIV. With 
the higher assumed temperature, the correction C for departure from 
thermodynamic equilibrium, determined from the enhanced lines 
as before, would be diminished from 1.2 to 0.4 when E=8.2, that is, 
from 0.15E to 0.05H, and the computed abundances for the non- 
metals would be practically the same as before. With regard to 
the intensity of the hydrogen lines, with log T=9.9, and T= 5600’, 
equation (4) gives, for the two-quantum state, log M=1.4, and 
theoretically for Ha, HB, Hy, and Hé, log N=1.2, 0.5, 0.0, and 
—o.3. The values of log NV derived from Unséld’s line contours are 
4.1, 3-9, 4.0, and 4.1. To obtain these contours the theoretical num- 
ber of atoms must be increased by factors ranging from 800 for Ha 
to 25,000 for H6. Effects peculiar to the hydrogen lines and increas- 
ing with the serial number evidently account for a great part of this 
discrepancy, but a good deal may remain to be set to the account of 
some more general departure from thermodynamic equilibrium. 
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17. Note on the departure from thermodynamic equilibrium.—Pro- 
fessor Eddington, in a letter which he has generously given permis- 
sion to quote, makes a very important suggestion regarding the 
excess of intensity of lines of high excitation potential. This phe- 
nomenon, which is especially conspicuous when the redder giant 
stars are compared with the sun, was attributed by the writer’ to a 
progressive increase in the number of excited atoms, compared with 
the number for thermodynamic equilibrium. Eddington writes: 


I am convinced that the right interpretation is exactly the opposite—that 
there are too few highly excited atoms. The argument is very simple, and the 
reason you differ is that you considered the formation of the line as a matter of 
absorption only without considering the emission. Suppose e.g. that the number 
of atoms in states 

HES Tar Pe Bete 
were I, 2, 4, 8.... times the proper equilibrium 
numbers. Then considering the absorption line 3>4 you evidently have 4 times 
the equilibrium amount of absorption but 8 times the equilibrium amount of 
emission in this line. Naturally the excessive emission will tend to wash out the 
line and perhaps even make it a bright line. On the other hand if the numbers 
were 

I, 3, ¢, ¢ Of the equilibrium numbers there 
is an actual loss of the 43 radiation (absorbed and not re-emitted in the same 
wave-length). This is much more effective in producing dark lines than the 
ordinary process of turning radiation backwards, which produces the line as a 
sort of second order effect. 


Modifying the investigation in §§ 234-235 of The Internal Con- 
stitution of the Stars, he writes: 


Omitting € for simplicity, but inserting a factor y(< 1) representing reduced 
emission due to defect of atoms in the upper of the two states, I find instead of 


(235.4) 
k k’ : 
: 2 k 3k’ (1a—Y) +R) 
where sca 7p me wy P= R : 


* Adams and Russell, Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 20, 
1928. 
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Retaining only the largest terms this gives at the boundary 


H'/H=2ap (cf. [238.1]) 


2 k 
V3 Vek (1—y) +78) 
Thus for y=1 
peels 
Se iG NE 
for y=4 
2 = k 2 ae 
H'/H=—= V 2 ——==—= = => V2 =z approximately. 
V3 VRR+R V3 7% 


Since k’:k is large (ratio of absorption coefficients inside and outside the line) 
the latter gives much deeper blackening than the former. 

I do not think you will need large deviations from the equilibrium propor- 
tions to account for your results, remembering that the introduction of differen- 
tial emission and absorption is much more potent than a mere increase of both. 

It seems much more easy to account for a defect of highly excited atoms 
than an excess—perhaps due to removal of the extreme ultra-violet radiation. 
by continuous absorption which I expected would be shown in the sun’s spectral 
energy curve though apparently the later determinations do not seem to bear 
it out. Again a spectrum of the principal lines of the element is being formed in 
the ordinary way and this, of course, means there is less radiation available to 
bring the atoms to the highly excited states. (It is, however, not obvious that 
this would give a progressively decreasing number in the higher states.) How- 
ever, whether easily explicable or not, I think this is the immediate deduction 
from the results you have reached. 


The importance of distortion of the sun’s energy-curve has re- 
cently been pointed out by Gerasimovi¢," who has shown that local 
weakening of the spectrum in the near ultra-violet, leaving the 
remoter part little affected, would lead to an excess of atoms in the 
highly excited states. 

Such a distortion of the energy-curve seems improbable; but a 
progressive weakening in the remoter ultra-violet, beyond the region 
accessible to our observation, is more likely. The lines of the princi- 
pal series beyond which general absorption might be expected to 
set in are at \ 2850 for K, \ 2420 for Na, and Xd 2030 for Ca, and so 


on, and beyond these one would expect depression in the energy- 
t Monthly Notices, R.A.S., 89, 272, 1929. 
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curve similar to that which exists beyond the Balmer limit in A 
stars. 

Another possibility deserves discussion. Compare a solar atmos- 
phere composed solely of metallic atoms (neutral and ionized) and 
electrons with another which contains the same numbers of each of 
these constituents in each unit of volume diluted with an excess of 
hydrogen. The hydrogen atoms will be practically all neutral and 
almost inert, except that collisions between them and the excited 
metallic atoms will tend to bring the latter back to states of lower 
energy. In thermodynamic equilibrium, the effect would be bal- 
anced by excitation by collisions with fast-moving hydrogen atoms. 
In the reversing layer, however, the number of excitations by photo- 
spheric radiation exceeds that in an atmosphere in thermodynamic 
equilibrium, and it would appear that the intensity of a dark spec- 
tral line should be greater when most of these additional excited 
atoms are discharged by collisions of the second kind, than when 
they unload their energy by radiation. It is well known that the 
effective collision radii of excited atoms are large, and, if they in- 
crease, as is probable, for the more highly excited states, the differ- 
ential effect which is observed might be accounted for. 

This qualitative argument is not presented as conclusive, but in 
the hope that the problem will be attacked in detail by some com- 
petent investigator. 

18. A new case in Milne’s tonization equations.—Milne, in a very 
important paper," has proved that under very varied conditions the 
ratio of the total numbers of neutral and ionized atoms of a given 
element above any specified level in a stellar atmosphere will be 
very nearly equal to that computed from a simple Saha formula, 
on the assumption of a mean pressure one-half of that at the base- 
level. The principal simplifications are that the atmosphere is treat- 
ed as isothermal and radiation pressure is neglected. His Problem 
IV, in which the atoms considered are in presence of an excess of 
atoms of a different ionization potential, is similar to our present 
case, but in his solution, he assumes that practically all the electrons 
come from the ionization of the abundant element, which is not the 
case in a solar atmosphere rich in hydrogen. The general formulae 

* Ibid., p. 17, 1928. 
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are simple and may be given here. If N,, N, are the numbers of 
neutral and singly ionized atoms of the first element per square 
_ centimeter above the given level, and V=N,+N,,x=N,/N, we have 


Ny 4 EK K 


Were pe) “PEEKS 3) 


where K is the ionization factor, which is given in our notation by 


o4ol 
log, K= —e +4 log T—6.5, (14) 
and is constant, since the atmosphere is isothermal. Now let N’, 
X’, K’, etc., refer to the atoms of the second element and let ¢ and 
e’=1-—e be the relative numbers of atoms of the two kinds and m 
the mean atomic weight. We have, then, for the total pressure, p= 


(N+N’)mg, whence 


€ 
Seas p. (15) 
Milne has shown that 
b 
€ 
Nee s xdp. (16) 
Now 
eae I et (PR (PK?) = (PERN) 
ye ext e/x’ P(eK+'K')+ KK’ O(P+R) 
where 
Q=eK+¢K’, R=KK’/O. 
Hence 


P(P+K’) | P(P+K’) 
Q(P+R) — Q(P+R) 


Introducing this into (16), we find 


as P\  P(P+K’) PP, 1 (?P(K’—K—R)—KR | 
W.=26 | tog (+%)+ O(P-R) * => dP (17) 


— dp=dP+(P+K)d dP. 


OO ). © (PER PER) ) 
Ke eee at ers lo (+5) Aa 8 ca 


mg|  Q(P+R) O(K—R) K} Q(K—R) 
ine O@ER te | ME (HE) sels (r+R)]}- 
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With this and 


v= P| ae Gis) 


~ mg QO(P+R) 


the general problem is solved. 

We are concerned at present, however, with the case in which 
K’ is negligibly small. Setting K’=o0, we have Q=eK, R=o. Equa- 
tion (17) still holds good, but the integral takes a different and much 
simpler form, giving 


W.= 2 |aP=(1- 0K log (+2) 7 


mg 
v= cptitor| | (20) 


No os {z- (r—e)P+(1—©)K log (+2)| ; 


If we write P/K =z, the effective electronic pressure is given by 
KNo_ 


Dan _ p #— (t= 6) {z—log (1-+2)} 


Nx 2z?— (1—e)z log (1 +2) (21) 


Whenever e=1, P/P=3. The greatest deviation from this ratio 
occurs when e=o and zis about 3, whén P=0.535P. The approxi- 
mation P= P/2 is remarkably good under all circumstances. 

19. Applications to the stars —The assumption of an atmosphere 
composed mainly of hydrogen serves also to resolve some difficulties 
which appeared in the study of stellar spectra made last year by 
Adams and the writer.t The electronic pressures, computed from 
the relative strength of the arc and enhanced lines, came out about 
ro times greater in Procyon and 60 times greater in Sirius than in 
the sun, while the amounts of metallic vapor above equal areas of 
surface were 0.6 and 0.05 times as great. Allowance for double ion- 
ization in Sirius would increase the last figure, but could hardly 
double it. It was then suggested that a great abundance of hydro- 
gen in Sirius might explain these facts, but the full effect was not 
realized. At the temperature of an A star, hydrogen must be heavily 
ionized. If the hydrogen atoms are as abundant as has been sug- 

* Mt. Wilson Contr., No. 359; Astrophysical Journal, 68, 9, 1928. 
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gested for the sun, there are dozens of them for every metallic atom, 
and, when a considerable fraction of these are ionized, the electronic 
pressure may be many times that which would arise from the ioniza- 
tion of the metallic atoms alone. At the same time, these electrons 
and the hydrogen ions contribute to the general opacity, so that the 
photosphere is raised and the total quantity of gas above it is much 
diminished, and the metallic lines are thus weakened. 

Hydrogen must be extremely abundant in the atmosphere of the 
red giants, for its lines are stronger in their spectra than in that of 
the sun. With any reasonable allowance for the effect of the lower 
temperature in diminishing the proportion of excited atoms, the 
relative abundance of hydrogen, compared with the metals, comes 
out hundreds of times greater than in the sun. If this is true, the 
outer portions of these stars must be almost pure hydrogen, with 
hardly more than a smell of metallic vapors in it. 

The theory of such an atmosphere presents an interesting prob- 
lem, for quantities which are ordinarily neglected may have to be 
considered—for example, scattering by the unexcited neutral atoms. 
The effect of hydrogen in reducing the electronic pressure in the 
sun appears to be already near its limiting value, and it cannot be 
invoked further to account for the extraordinary discrepancy in 
these stars between the degree of ionization indicated by the en- 
hanced lines and the pressure calculated from the extent of the 
atmospheres and the surface gravity. Discussion of these matters, 
however, cannot be undertaken in the present paper. 

In conclusion, it should be emphasized that the present work, 
like that of Dr. Adams and the writer last year, is of the nature of a 
reconnaissance of new territory. It is to be hoped that the deter- 
minations made here by approximate methods will be replaced with- 
in a few years by others of much greater precision, based on ac- 
curate measures of the contours and intensities of as many lines as 
possible. An extensive field of work is open, and it is hoped that 
much more may be done at this Observatory. 


It is a pleasure to express the writer’s indebtedness for the use of 
the great mass of manuscript dealing with solar lines, multiplets, 
and the like, which has been collected by Dr. St. John and Miss 
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Moore; to Messrs. E. F. Adams and Theodore Dunham, Jr., for 
friendly aid in the tabulation of some of the material; and especially 
to Professor Eddington for the suggestion quoted in §17, and to 
Professor D. H. Menzel for the unpublished data mentioned in §16. 
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THE ELECTRIC-FURNACE SPECTRUM OF HAFNIUM 
By ARTHUR S. KING 


ABSTRACT 


The spectrum of metallic hafnium has been examined from \ 2640 to d 6500 in the 
carbon-tube furnace and compared with the spectra of the arc and spark. A list of 
338 lines includes the stronger neutral and ionized lines in this range. The usual 
temperature classification is given for the lines of the neutral spectrum, based on their 
relative intensities at 2900° and 2600° C. The lines which, judged by their relative in- 
tensities in arc and spark, belong to the zonized atom are absent from the furnace spec- 
trum. The ionized lines are selected on the basis of their behavior in the three sources. 

Attention is called to a band spectrum appearing in the arc in air and presumably 
due to the oxide. Wave-lengths are given for the first head in each of nine groups between 
3200 and 5700. 


The discovery of the element hafnium, by means of its Réntgen- 
ray spectrum, was announced by D. Coster and G. v. Hevesy* in 
January, 1923. During the same year, measurements of wave- 
lengths from \ 2254 to \ 7241 were published by H. N. Hansen and 
S. Werner.? A recent paper by W. F. Meggers* gave extended data 
on this spectrum, consisting of wave-lengths of nearly 1500 lines 
between \ 2155.72 and \ 9250.27, with their intensities in arc and 
spark. Regularities among the singly ionized lines were also found 
by Meggers and Scribner.* It was obviously desirable that the next 
investigation be made with the electric furnace in order to show the 
relative response of the lines to various excitations, and to render 
more definite the division of the spectrum into lines of the neutral 
and of the ionized atom. 

It has been recognized since its discovery that hafnium is likely 
to be associated with zirconium to the extent of a fraction of 1 per 
cent, but the separation is difficult, and hafnium in any sort of 
purified form is still extremely scarce. The writer is greatly indebted 
to Dr. G. Holst, director of the Research Laboratory of the Philips 


t Nature, 111, 79, 1923. 

2 Tbid., p. 322, 1923; 112, 618, Qo0, 1923. 

3 Bureau of Standards Journal of Research, 1, 151, 1928. 
4 Journal of the Optical Society of America, 17, 83, 1928. 
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Lamp Works in Eindhoven, Holland, for his kindness in furnishing 
a small rod of highly purified hafnium for this work. No trouble- 
some impurities were present in this sample, even the prominent 
lines of zirconium being quite faint. 


EXPERIMENTAL METHOD 


In these experiments, the furnace, arc, and spark spectra of 
hafnium were photographed within the range \ 2640 to \ 6500. A 
comparison of my results with those of Meggers shows that the 
neutral lines outside this interval are so faint that it is doubtful if 
the furnace can give useful data farther toward either the ultra- 
violet or the infra-red. The spectrograms from the ultra-violet to 
X 4900 were made in the second order of the 15-foot concave grating 
(scale 1.86 A per millimeter), and beyond this in the first order. 

In charging the furnace a thin graphite combustion boat con- 
taining fragments of hafnium was placed in the resistor tube. The 
metal was changed into a dark powder by the operation of the 
furnace, and the boat with its contents was used in successive tubes 
during the experiments. The melting point of hafnium has been 
measured in the Philips Laboratory as near 2400° C., and I found a 
temperature of 2600° necessary to bring out any considerable num- 
ber of lines. Temperatures of 2900°—3000° were required to do jus- 
tice to the neutral spectrum. Although at the highest of these tem- 
peratures some of the weaker arc lines were still absent from the 
furnace spectrum, 2600° and 2900° were taken as the two stages for 
the classification of furnace lines. Because of the high temperatures 
required, the Swan bands of carbon were always strong in the 
furnace spectrum, and occasionally masked the hafnium lines which 
would be expected to appear. 

The electrodes used for the arc and spark were silver rods 6 mm 
in diameter, the lower having in its end a small piece of hafnium. 
A comparison of the arc of 4 amp at 220 volts with a very disruptive 
transformer spark served to distinguish clearly between the neutral 
and ionized lines, the former being very faint in the spark spectrum. 
As the lines enhanced in the spark, even when of considerable 
strength in the arc, were quite absent from the furnace spectrum, it 
was not possible to employ the usual test for enhanced lines of 
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quenching them by a mixture of the substance in the furnace with 
one of lower ionization potential. The selection of enhanced lines 
must therefore rest on their absence from the furnace and their 
strengthening in the spark; in nearly all cases, however, this effect 
was so definite that there is no likelihood of error in distinguishing 
them. 


EXPLANATION OF THE TABLE 


The first column contains Meggers’ wave-lengths on the inter- 
national system and also a few measurements by the writer of 
lines probably unresolved on Meggers’ plates or disturbed by 
foreign lines. The neutral lines listed are those present in the 
furnace spectrum, or, if absent, are those of sufficient strength 
in the arc to make their absence at the furnace temperatures 
significant. Enhanced lines are included only when of considerable 
strength in the arc. Estimated intensities for the arc spectrum are in 
the second column. It must be remembered that the relative inten- 
sities of neutral and ionized lines, as groups, vary greatly in different 
spectrograms according to the arc conditions. On this account con- 
sistent relative intensities can be given only between the lines of 
each group. The columns of furnace intensities for 2900° and 2600”, 
respectively, show the relative response of the neutral lines to tem- 
perature change. In the fifth column, the usual temperature classifi- 
cation is held to as closely as possible, although it must be taken 
into account that hafnium lines are in general faint in the furnace 
spectrum, and that only two temperature stages were used. The 
data do not justify placing any lines in class I. Those emitted with 
fair strength at 2600° are put in class II, while lines appearing only 
at high temperature are in class III or class IV according to their 
relative strength in furnace and arc. Neutral lines absent from 
the furnace are placed in class V, while all enhanced lines are 
classed as V E. 

An asterisk adjacent to a wave-length indicates that an explana- 
tory note concerning this line is given at the end of the table. 
Disturbance by the band spectrum of carbon, which frequently con- 
ceals hafnium lines in the furnace spectrum, is denoted by a dagger. 


1 Mt. Wilson Contr., No. 233; Astrophysical Journal, 55, 380, 1922. 
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NOTES TO TABLE I 

» 
2712.43 Moderately enhanced. Zr 11 \ 2712.41 not same line. 
2751.81 May be blend with Hf t. 
2758.76 Measured by writer. Zr \ 2758.82 on red edge. 
2773.37 Weaker Hf 1 line to red. 
2789.74 Weaker Hf 11 line to red. 
2909.91 Moderately enhanced. 
2924.61 Not Zrit d 2924.64. 
2929.63 Moderately enhanced. 
2968.83 Weaker /f 11 line to red. 
3016.71 : ; 
E Meggers as \ 3 

Mos BS } Measured by writer. Doublet given by Meggers as \ 3016 78 
3016.93 Moderately enhanced. 
3054.52 Moderately enhanced. 
3063.77 Blend V in furnace. 
3100.78 Blend faint Hf um line. 
3110.88 Measured by writer. 
3138.67 Measured by writer. Coincides Zr 11 \ 3138.68. 
gabe: 57 \ Blended in arc. 
3162.62 
3164.39 Measured by writer. Zr \ 3164.32 to violet. 
3217.30 Moderately enhanced. 
3236.77 Measured by writer. 
3247.66 Measured by writer. Close to Cw line. ss 
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x 
3249.53 Blend 77 in furnace. 
3255.29 Moderately enhanced. 
3291.04 Coincides with hazy line in spark. Meggers’ intensities indicate Hf 11. 
3317.99 Moderately enhanced. 
3328.21 Moderately enhanced. 
3358.95 Double. 
3378.93 Double. 
3384.70 Moderately enhanced. 
3386.21 Measured by writer. Not Ag. 
3394.58 Measured by writer. Moderately enhanced. 
3428.36 Moderately enhanced. 
3479.28 Moderately enhanced. 
3682.25 Ag line to red. 
3800.39 Faint Hf 1 line to red. 
3918.10 Moderately enhanced. 
4093.17 Moderately enhanced. 
4370.92 Measured by writer. 
4457.35 Blend 77 in furnace. 
4598.80 | Measured by writer. Doublet given by Meggers as \ 4598.86. Disturbed by 
4598.92 } carbon. 


DISCUSSION 


Features of the line spectrum.—The results here given, if used in 
connection with those of Meggers, serve to show the excitation re- 
quired for the production of individual hafnium lines. In the range 
common to the two investigations, the observations are in close agree- 
ment. Lines which I have assigned to the neutral spectrum, through 
the comparison of furnace, arc, and spark, are given by Meggers as 
much weaker in the spark than in the arc; while in Meggers’ list the 
lines I have classed as ionized are stronger in the spark than in the 
arc, or, in some cases, nearly equal in the two sources. From this 
relation between the two sets of data, the more extended table of 
Meggers may be used to classify the lines which I have not listed. 
The strong line \ 4093.17, which Meggers considers as neutral, does 
not appear in the furnace, and, I believe, on account of its high spark 
intensity should be placed among the enhanced lines. It belongs to 
a group in the region of shorter waves shown by the relative inten- 
sities of Meggers, confirmed by my spectrograms, to be enhanced 
in the spark much less than the majority of the enhanced lines. An 
origin of low energy-level in the ionized atom is thus indicated. The 
fainter enhanced lines appearing in the arc, usually much strength- 
ened in the spark, are omitted from my list, as are numerous neutral 
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lines too faint to be expected in the furnace spectrum. The furnace 
gives a number of lines, however, which are also among the weaker 
arc lines. This fact has justified the inclusion of neutral lines whose 
absence from the furnace and moderate intensity in the arc indicate 
that high excitation is required for their production. A large range 
of intensity is found among neutral lines in the arc, while in the fur- 
nace, probably on account of the small quantity of the substance 
and its high vaporization point, the lines are for the most part faint. 
The prominent hafnium lines, both neutral and ionized, are in the 
near ultra-violet. With some exceptions, such as 5181.86, the pro- 
duction of neutral lines in the furnace becomes increasingly difficult 
toward greater wave-length. 

Band spectrum.—A set of bands occurring in the hafnium arc 
spectrum may be noted. These show well-defined structure, in all 
cases degraded toward the red. The more prominent heads have 
been measured by Meggers. The following list gives the head of 
shortest wave-length in each group. 


r » » 
3236.09 3840.03 4252.05 
BOLTED 2 3970.06 5074.71 
3654.26 4101.16 5698.04 


The writer measured \ 3236 and A 41or, the first of which is 
absent from Meggers’ list and the second disturbed by a foreign 
line on his plates. The heads given above are usually the strongest 
in their respective groups, but the A 41ro1r system has a stronger 
head at » 4118.91. 

These bands are in all cases absent from the spectrum of the 
vacuum furnace. As they appear in the arc in air when the metal 
is vaporized, the evidence is strong that they belong to the oxide 
spectrum. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
May 1929 
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ELEMENTS UNIDENTIFIED OR DOUBTFUL 
IN THE SUN 


SUGGESTED OBSERVATIONS 
By CHARLES E. ST. JOHN 


ABSTRACT 


Elements unidentified in the sun.—Argon, actinium, arsenic, gold, bismuth, bromine, 
chlorine, fluorine, mercury, iodine, iridium, krypton, masurium, neon, osmium, phos- 
phorus, protoactinium, polonium, radium, rhenium, radon, selenium, tantalum, tel- 
lurium, thorium, uranium, xenon, and the rare earths, holmium, illinium, lutecium, 
terbium, and thulium. 

Elements suggested for laboratory investigation.—Arsenic, iridium, osmium, phos- 
phorus, tantalum, thorium, thallium, uranium and the rare earths. Study of these ele- 
ments promises immediately useful information. 

Data required.—(a) For immediate application to problems of identification we 
need accurate determinations of the wave-lengths of critical lines and a study of their 
relative intensities and appearance under varied conditions of excitation. (b) For gen- 
eral purposes we require precision wave-lengths throughout the spectral ranges of the 
different elements, preferably in vacuum, and analyses of the respective spectra 


The identification and characteristic behavior of the Fraunhofer 
lines in the sun’s spectrum deserve special attention and study, not 
only because the sun is of more immediate importance to us than any 
other star, but also because its position midway between the terres- 
trial laboratories and the stars is unique and therefore strategic. The 
intensity of radiation reaching the earth enables us to use instru- 
ments of observation and analysis equal to those in the laboratory 
and thereby furnishes the means of obtaining accurate data and test- 
ing quantitatively theories and assumptions. It was in anticipation 
of the advantages assured by a co-ordinated attack through labora- 
tory, sun, and stars that the threefold organization at Mount Wilson 
arose. 

In the preparation of tables of data on the solar spectrum astro- 
physicists of today have at hand methods and lines of attack un- 
dreamed of a generation ago. These may vary for individual ele- 
ments, but for all there should be reasonable agreement in the posi- 
tion of solar and laboratory lines, so-called coincidence. We know 
now that exact coincidence is the exception and, when exact, points 
to possible errors of observation. As a rule, the departures from 
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coincidence are positive for \ sun minus ) arc in vacuum and of the 
order of 0.01 A. Though close agreement in wave-length offers usu- 
ally a first line of attack, this is not always the case. Not infrequent- 
ly the approach has come through an analysis of the spectrum which 
has shown just what to look for and where to look; for example, the 
oxygen doublet in the infra-red. 

Identifications of elements represented by few solar lines resting 
upon coincidences alone are subject to much uncertainty through 
accidental agreements in wave-length. In such cases considerations 
based upon atomic theory have been the determining factors. 

Spectral lines are associated with the transitions of an atom be- 
tween two energy-levels or spectroscopic terms which depend upon 
the configurations of the outer electrons. In the case of absorption 
the work required to raise the energy of the atom in its normal state 
to the lower of the two levels of the transition is the excitation poten- 
tial for the line. It is measured in “‘volts,” the “‘volt”’ being the en- 
ergy acquired by an electron in falling through a difference of poten- 
tial of 1 volt. For any element the absorption lines arising from 
transitions between the lowest and the next higher level, the reson- 
ance lines, are the strongest and the most probable to occur in the 
sun, provided they are in the region of the spectrum accessible to 
observation, viz. to the red of \ 2975 A. If these are not within the 
accessible region, then those from the next level are the most prob- 
able. The excitation potential is the important factor in determining 
the probability of the presence of a line in the spectrum. 

The identification in the sun of the stronger lines of a multiplet 
facilitates the identification of the weaker members through the 
knowledge of their positions and relative intensities. It is a great 
gain to know for what to look and with what we need not bother. If 
the strong lines of a multiplet are absent or only weakly represented, 
the faint members may safely be neglected. 

Fifty-eight of the 90 known elements appear with varying de- 
grees of probability to be constituents of the sun’s atmosphere 
(Table I). A brief examination of the elements not yet identified in 
the sun will indicate the possibilities for increasing the identified list 
and the new observational data most likely to prove of value for 
the purpose. 
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In the group of inert gases (Table II) the systematic decrease of 
the ionization and excitation potentials and the shift of the resonance 
region to longer wave-length with the increase of atomic number 
illustrate the progression so marked in the second half of columns 
IV-VIII in the periodic table and appearing later in Tables III, IV, 
and V. 

For the inert gases the resonance lines begin far in the ultra- 
violet, and even for radon do not fall within the accessible region; 


TABLE I 


ELEMENTS IDENTIFIED IN THE SUN AND THEIR POSITION IN THE PERIODIC TABLE 
(Unidentified Elements in Parentheses) 


Il I IV V VI va | vit 
eee eae te fall aietarae aiate eeiers erase | wiacaesenraraez | ake atieinarecei| seca clear ctete He 
Be | B C N O (F) | (We) 
Meni (es ee | sie Senlew 
Ca Se | Ti V Cr Mn es ce ee es 
Zn | Ga Ge (As) (Se) (Br)| (Kr) 
Sr y |Z, cee | Mo ~——=«*| (Ma) ..| Ru | Rh | Pa | 
Cd | In Sn? Sb (Te) (1) | (Xe) | 
Ge | Ba La* | Hf (Ta) W (Re) _|....| (Os) | Ur) | Pt 
~ (4u)| (g)| TP Pb (Bi)| (Po) 85 | (Rn) 
aaa NG es) 1) iets 


* RARE EARTHS 


Ce Sa Eu Gd 
(Tb) Dy (Ho) Er? (Tu) Yo? (Lu) 


and comparisons with solar absorption lines in the accessible regions 
(fifth column, Table II), do not show agreement in wave-length for 
any of these elements. The question of inexact data does not enter, 
for the wave-lengths of neon, argon, krypton, and xenon are known 
to the highest precision.’ The non-appearance of these elements in 
the sun’s spectrum is probably due to the combined effect of high 
excitation potential and very moderate abundance. The great 
majority of solar lines are due to the metals, and for them the mean 


t Burns, Meggers, Merrill, Bureau of Standards, Scientific Papers, 14, 765 (No. 
329), 1919; Meggers, ibid., 17, 193 (No. 414), 1921. 
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excitation potential for neutral atoms is 1.319 volts, with a maximum, 
in the case of lead, of 5.771 volts. The maximum line intensity for 
lead is —2, the next to the faintest observable. The inert gases, with 
still higher excitation potentials, would need to be far more abundant 
than lead to produce even the faintest observable lines. Hence ab- 
sence of their lines from the solar spectrum is not surprising and does 
not forbid their presence in the solar atmosphere with an abundance 
comparable to that in the earth. 


TABLE II 


INERT GASES 


Atomic Number | Element LP. Resonance | accessible Lines | EP, | Aden 
Bi arate. ooe Helium 24.48 584.4 5875 20.871 He 
Oke teers: Neon 21.47 ue cH Cae ey 16.0400 | See 
TSE ee Argon 15.69 or 7 patina £250.) || sere 
Cae es ete Krypton 13.9 ae 37 riage 6.0. eee 
RAE Rita er crcr: Xenon 12.1 a o Oy ae 3:2: Pal aaa 
BOteree aectaens RaAdovelas|aeesrranes ink r. ee a mae 


* Strongest ultra-violet lines (S. Wolf, Zeitschrift fur Physik, 48, 790, 1928). 
qos igens Hk Wate, Precedings of le Romi sone A eee sore a = ee 

For radon (radium emanation) accurate wave-lengths are not 
available. Radon is the most radioactive element and has an average 
life of 5.57 days.’ It is an immediate product of radium, and its 
radioactive change evolves helium, polonium, and eventually lead. 
Unless in equilibrium with its mother-substances, it is rapidly dis- 
sipated; hence until thorium, uranium, and radium are detected in 
the sun, it would be vain to look for radon. 

The remaining inert gas is helium. In spite of its high excitation 
potential of 20.871 volts, the helium line \ 5875 occurs in absorption 
in highly disturbed regions, and with other helium lines it is promi- 

* F. Soddy, Interpretation of Radium (London, 1922), p. 113. 
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nent in the flash spectrum. More surprising still is the presence of 
the enhanced line 4686 in the flash spectrum, requiring as it does 
an excitation of 72.57 volts. In view of its high excitation potential, 
it is obvious that helium must be present in abundance, as is indeed 
shown by the great height, 8000 km, to which it extends on photo- 
graphs of the flash spectrum. The behavior of helium suggests causes 
of excitation in the sun’s atmosphere not yet brought to light. 
Passing to the left in the periodic table to the halogens, we find 
a similar situation (Table III). The resonance lines are in the in- 
accessible ultra-violet region, and only for fluorine and chlorine have 


TABLE III 
HALOGENS 

Atomi Regi f Most Probab] 
anaber Element LP. Posie fares ‘ ites = EP. 

6239-6413 
Quiet ak 4 Fluorine T7353 951-958 6774-6909 Tons 

7250-7745 
iy heeaeees on 12.8 1335-1689 etree, 8.5 
Bib eater ienace Bromine II .4 TIS SO OS. |nnats ake snstteae iets ips 
OP an ence Todine 10.2 EZSA—0002 4 ire ie Si inital eels 6.0 


arc lines of the next energy-level been identified. These, the most 
probable lines, are in the red and infra-red. Their excitation poten- 
tials are high in comparison with those of other non-metals repre- 
sented in the sun by weak lines alone. They show no systematic 
agreement in position with solar lines, though occurring in spectral 
regions where agreements should be easily evident since the solar 
lines are not closely crowded. The arc wave-lengths have recently 
been measured to three decimals for fluorine’ and to two places for 
chlorine.? Lines of bromine and iodine of the indicated excitation 
potential are theoretically possible in the visible region, but have 
not been observed. 

The data on band spectra of the halogens are too meager for 

tH. Dingle, Proceedings of the Royal Society, A, 113, 323, 1926; 117, 407, 1928; 
T. L. de Bruin, Amsterdam Academy Proceedings, 30, 944, 1927; I. S. Bowen, Physical 
Review, 29, 231, 1927. 

2L. A. Turner, Physical Review, 27, 401, 1926. 
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profitable discussion. There is no evidence, and no present prospect 
of evidence, based on their spectra to show the presence of the hal- 
ogens in the sun; nor are they found in the stars. In view of their 
abundance in the earth, their absence from the sun would be surpris- 
ing. The failure to detect them is not inconsistent with their presence 
in the sun, for they would need to be very abundant in order to pro- 
duce observable absorption lines in accessible spectral regions, as 
their excitation potentials areso high. The ozone inthe upper reaches 
of the earth’s atmosphere blocks appeal to the lines from the lowest 


energy-levels. 
TABLE IV 


OxyGEN GROUP 


Atomic Number Element Mele Rescpenee oe le E.P. Identification 

le a rae Oxygen 13.56 1358 7774 g.106 O Triplet 

8446 9-479 O Doublet 
LOSE ere Sulphur 10.31 1900 9224 6.496 S Triplet 
2 er I Selenium 9.4 DOCOn |nevakae eee S| PRO RA oie tcc c 
ihe ae Rea pase Tellurium Say PEGA | thecentuc Geto BLO. Ty thcgie ae eee 
SA ets EOLOULIN Neer neue Radioactive, average life |.............. 
202 days 


Of the oxygen group (Table IV), both oxygen and sulphur have 
been included as present in the sun’s atmosphere. For selenium and 
tellurium the most probable lines would be farther to the red than 
for oxygen and sulphur, but nothing is known of their arc spectra in 
this region. McLennan, McLay, and McLeod! give one line of neu- 
tral tellurium in the ultra-violet at \ 3175.15 of intensity 3 on a 
scale of 20 R for the strongest resonance line \ 2142.75. There is an 
unidentified solar line at \ 3175.166 of intensity —3, giving, sun 
minus Te arc, +0.016 A, but without additional support this near 
coincidence for a single line can hardly be accepted as identifying it 
in the sun. 

Polonium, being radioactive, would not be expected as long as 
thorium and uranium, the mother-elements, are unidentified, par- 
ticularly in view of its short average life of 202 days. 


* Philosophical Magazine, 4, 486, 1927. 
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The evidence for atomic nitrogen (Table V) in the sun’s atmos- 
phere is given by the three strongest lines of the P—D° quartet 
in the infra-red, \A 8680.35, 8683.61, and 8686.38. These lines are 
from the next to the lowest energy-level, and within the errors of ob- 
servation they agree in position with solar lines of intensities — 2 to 
—1 not otherwise identified. Some doubt of the solar identification 
existed owing to the apparent absence of \ 8683 from the solar spec- 
trum, but this has been dissipated, as the line has recently been 
measured upon a half-dozen spectrograms taken by Mr. Babcock 
in his extended investigation of the infra-red solar spectrum. 


TABLE V 


NITROGEN GROUP 


Number | Elements ete ae eae Nee 
8680 
eee NN ILLOgen 14.2 1200 8683 10.0 N 
| 3686 
Tite ae Phosphorus 10.5 1781 QO0o-II , 000 Po oe Nc Ae eer 
Boe cox: Arsenic 9.6 1972 3000 Chee Ya Ai Neat Namie 5 1ae 1)! 
[aoa Antimony 8.35 2311.50 3100 2.024 Sb 
reece cae Bismuth os 3067 .69 2989-4722 ©0008 |antunaree 


* C. C. Kiess, Journal of the Optical Society of America, 11, 1, 1925; Merton and Pilley, Proceedings of 
the Royal Society, A, 107, 411, 1925; Hopfield, Physical Review, 27, Sor, 1926; O. S. Duffenback and R. A. 
Wolfe, Physical Review, 34, 409, 1929; S. B. Ingram, ibid., p. 421, 1929. 


For an element with the high excitation potential of nitrogen, 
viz., 10 volts, only a small fraction of its atoms in the sun’s atmos- 
phere would be excited to the energy states required for the produc- 
tion of its absorption lines. The presence in the solar spectrum of 
lines due to nitrogen implies therefore that the total amount is large. 
The abundance of nitrogen indicated in the sun is consistent with its 
abundance in the earth and its wide distribution in stars and nebulae. 

The resonance lines of phosphorus" are in the far ultra-violet, 
and no arc lines are known in the visible region. There are, as for all 
of this group, possible lines in the infra-red. Dhavale identifies as 

t Mohler and Foote, Physical Review, 15, 321, 1920; Ruark, Mohler, Foote, and 
Chenault, Bureau of Standards, Scientific Papers, 19, 463 (No. 490), 1924; M. O. Salt- 
marsh, Philosophical Magazine, 47, 874, 1924; McLennan and McLay, Transactions of 
the Royal Society of Canada (3d ser.), 21, sec. 3, 63, 1927; Dhavale, Nature, 123, 799, 
1929. 
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phosphorus two lines in the infra-red with arc lines deduced from 
theory, but they have not been observed in the laboratory. 

The remaining elements of the nitrogen group require a more 
detailed examination and will be considered in connection with 
Tables VI, VII, and VIII. 

Only four arc lines of arsenic (Table VI) are known in the acces- 
sible region. The wave-lengths, except for 2990, are recent meas- 
ures by Miss Ware on plates by Mr. King. The difference sun minus 
arc for X 2990 is far too large to be accounted for by accidental errors 


TABLE VI 


ARSENIC* 


ACCESSIBLE LINES 


RESONANCE LINES Arc Sun Ad Sun—Arc bupybie Co 
ALA. Int. ALA. Int. 
LOUD cleat nnrn 2990.99 2 861 —1 =O) EO CANIN | eel ney none role 
. IOI ° + i111 Ni 
BRAG cnven ie anes ees 3032.850 4 .868 —3 peed toe we ihearattae ces on 
BT AOU he aaa in 3075 .320 2 .350 ° + .036 OH—Sc* 
3119.591 4 S505 malls — .086 Fe 
.679 a +o ,088 OH —Cr 


* Ruark, Mohler, Foote, and Chenault, Bureau of Standards, Scientific Papers, 19, 463 (No. 490), 1924. 


of measurement. The residual sun minus arc for \ 3032 is consistent 
in sign and magnitude with its identification as arsenic. If the solar 
line is due to arsenic, it fixes a maximum intensity of —3 for arsenic 
lines in the sun, and A 3119 should also be present. It would, how- 
ever, fall midway between two solar lines, but so far from either that 
it should be possible to detect it, as in this region lines of the same 
solar intensity and still nearer to even stronger solar lines are given 
by Rowland. The available evidence for arsenic as a probable con- 
stituent of the sun’s atmosphere does not appear strong enough to 
justify its inclusion, as it rests upon one out of four lines. A resurvey 
of this region of the solar spectrum under high dispersion would be 
necessary for a definite conclusion. It is known from other evidence 
that not all the faint lines have been recognized in this region, and 
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the possibility that the line was missed holds the question still 
open. 

The arc wave-lengths of antimony (Table VII) are measures from 
1912. Though to three places and on the international system, they 
are of doubtful value, as the difficulties in such determinations were 
not at that time recognized as fully as later. Professor Kayser in his 
Hauptlinien* rounds them off to one and two places of decimals. Two 
of the three strong reversed lines show good agreement with solar 
lines of reasonable intensity, but for one the identification is ques- 
tionable. Of the four weaker lines one is absent and three are masked 


TABLE VII 
ANTIMONY * 
Arc Sun — 
Ad Sun—Arc Rea 
ALA Int E.P ALA Int 
BOZO OCA Win ciciia t= 4R | 2.024 .832 | —2 +o.008 A | Sb 
BEODMGOY nes Arar cue sr, 4R | 2.279 .548 | —3N | + .orr Sb Raie ultime 
ZO MAG True seve mtusrd 4R | 2.0204 | .540 | —3N | + .043 Sb? Raie ultime 
BR OamUsO even tere sce «a SR Allee, ren omy Bille tel, scecnl ie aca cieie sete cai e- oee ae ert aca 
Hopper loiho tain, eee EA ON ister 874 4 + 1044 Masked by Fe 
y/o a holy creda eee IE 3 2.024 .760 ° — .027 Masked by Ce 
ADDU hO2 psig anteuis «5 > « Bet oars 586 I +0 .024 Masked by Mn 


* Ruark, Mohler, Foote and Chenault, Joc. cit., p. 476; McLennan and McLay, loc. cit. 


or blended with other elements. The main evidence for the presence 
of antimony in the sun rests upon the near coincidence of the strong 
arc lines of low excitation—the rates ultimes—with solar lines of 
appropriate intensity and not otherwise identified. Wave-lengths of 
greater accuracy are desirable, particularly for the arc in vacuum. 

In bismuth (Table VIII) the fine structure? is manifest to a 
high degree. This renders comparison with solar lines difficult. The 
resonance line \ 3067 should furnish the most decisive criterion for 
the presence of bismuth because of its low excitation, great inten- 
sity, accurate wave-length, and simplicity of structure—two equal 
components or reversal. The absence of this raze ultime seems to 
eliminate bismuth. The strong lines have six or more components 

tH. Kayser, Tabelle der Hauptlinien der Linien-spektra Aller Elemente, 1926. 

2 Nagaoka and Mishima, Proceedings of the Tokyo Imperial Academy, 2, 249, 1926; 
Goudsmit and Back, Zeitschrift fiir Physik, 43, 321, 1927. 
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spread over a range of 0.25 A, and the individual components are 
too weak to appear in the sun. In the case of narrow separations 
one would expect the components to form a broadish line, but of this 
there seems to be no evidence in the sun in the case of bismuth. 
For elements giving rich arc spectra with few prominent lines the 
most probable lines to show in the sun are the strong absorption 


TABLE VUI 
BismuTH* 
ARC Sun aN = 
EP |= ee | COUN — a REMARKS 
ARC 
ALA.T Int Comp. ALA. Int 
2989 .045 oR | 2 1.410].936| oN |—o.109} Sc | Under-water;} strong 
196|—1 + .151| Cr* 
29093 .344....| OR | 4 I.410|.355|— 2 ate OLE |e suts Under-water; weak 
3024 .046 8R | 6-12 |1.906].652)—2Nd?/+ .oo6]..... Under-water; strong 
3007 .732 oR | 20rRJo.o00].789| 1 a= GOST)... ame Under-water; very 
strong 
ath fats Vertes Net cond Pent cl (a tes eater (ree ear +- .O70}..... Raie ultime 
BAH Zoe ee |) aS Ral O 1.906].222| 1 + .o14| Fe | Under-water; rev. 
ea OUT O| [tebe] eeeame eeres | Cmeareee |e ae ra Wes Kat sees —t OOO! sc ccoal| Meucnercatene- Cesena e ear 
BELOTOSS ace ae le LOLs al) 0 1.906|.847] 5 — .006| 7i* | Under-water; rev. 
BEES DOO ciate | oes ell eereca chalet a ee ea ad eel areal amet eee Bayrs.ca dis 2 
A 2OS TOO) e || LO) Fite, care el eye .165| 3 = 1 ODI Zl Suess eakcackeae eae eee 
AV22E SAD en! elo 6 1.410] .468)—3 =" SO7Al, ..c alld cueus epee oe me ees 
AOC OS Tem |e TOME | |p eee PEE be EER LS res © cr carte Under-water; sharp 
AT QE S507 | loon |e erons ee eerecs| eee ae 468] —3 —=O,033\ haere Raie ultime 


* Ruark, Mohler, Foote, and Chenault, Bureau of Standards, Scientific Papers, 19, 482 (No. 490), 1924. 
} Offerman, Dissertation, Bonn, 1920. 
tL. and E. Bloch, Journal de physique, 3, 300, 1922. 


§ Measured as two components in the low density arc with wave-lengths ending in decimals .672 and 
.756; and as a reversed line in furnace with decimal .710 (King). 


|| Weighted mean of components. 


lines in the spectra of the under-water spark, as they arise from low 
energy-levels. As stated by Meggers and Laporte,’ the characteris- 
tics of the under-water spark are: (a) All lines observed as “‘rever- 
sals” in arc emission spectra are always observed reversed in the 
under-water spark. (b) In so far as the temperature classification of 
emission lines has been studied in the electric furnace, it is evident 
that the lines ordinarily absorbed in under-water spark spectra are 
always the lines of lowest temperature class. 

The strongest lines in the spectra of osmium, iridium, and plati- 
num are in the ultra-violet. Those in Table IX are the strongest 


" Physical Review, 28, 645, 1926. 
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lines in under-water absorption in the accessible region. There are 
no recent wave-length data for osmium and iridium. Those here used 
are from the Handbuch der S pectroscopie adjusted to the I.A. system. 
For platinum the recent measures are by McLennan and McLay.* 

The spectroscopic data show little if any evidence for osmium and 
iridium in the sun. The strong osmium line agrees in position with a 
solar line of intensity —3, but the solar line is identified with a ruthe- 
nium line (E.P. 0.000), and \ 3058, the line of lowest energy-level, is 


TABLE IX 
OsmiuM-PLATINUM GROUP 
INTENSITY In SuN A 
Feaitas ELEMENT ALA. E.P. Sun— IDENTIFICATION 
E | Abs. RA Tune 
OMe anes Osmium |3018.059| 4 TOs teeter .983} —2N|—o0.076| Ni 
3040.950| 5 EO A eee ore .918 2 OAT eiormeterr ses 
3058 .670] 6 20 |0.00 |.707 ay Mae ok WA lS anmqcincnrin comedic 
3150.262| 6 TO Miser 273 2 I .orn) He 
3262 .308] 6 Io Sree oa) tr j+ .o46| Fe 
3207.950| 6 Ae eas .QII 2 |— .048| Fet 
3301 .572| 7 5 Sal | esate .580] —3 |+ .008] Ru E.P. 0.000 
ST ea ae sich Iridium |3068.90 | 4 6 Peel eOA The Tents hOS tle eee ane carer 
3220.81 | 8 5 | .35 |.776] —1 |— .03 | Persistent 
£O30| ee Tem ee OR ane nee ey 
7] emcee Platinum |2997.965} 7R| 30 | .096|.965| o .000] Pi 
3042.634| 4R| 10 | .102|.663 3 |-++ .029| Pi? Fe 
3004.710| OR| 40 | .000}.696 t |— .o14| Pt 
3301 .859| I0 5 jo.8r1|.870] —3 |+0.o011| Pt 


apparently absent. As ruthenium is represented by more than a score 
of lines, maximum intensity o, the solar line at \ 3301.580 is prob- 
ably due to ruthenium alone. For iridium the evidence is weaker 
still. For both elements the lack of accurate wave-length data leaves 
a factor of uncertainty. In the case of platinum the recent wave- 
length measures permit more definite conclusions. Of the four lines 
from the lowest energy-levels and strongest in under-water absorp- 
tion, three agree in position with solar lines whose intensities match 
well the emission and absorption intensities. The fourth is possibly 
blended with the strong iron line. 

For thallium (Table X) there are no measures of wave-length 
later than 1904. The existing measures are to two decimal places and 

t Transactions of the Royal Society of Canada (3d ser.), 20, sec. 3, 201, 1926. 

363 


12 CHARLES E. ST. JOHN 


quite discordant. For the solar comparisons the means of arc and 
spark measures are used. Of the lines strong in the arc and in the 
under-water spark \ 3519 was identified by Rowland as 7/? and 
d 3775 as Tl. The most persistent lines are \ 3775 and \ 5350, and 
for these the correspondence with solar lines of consistent intensity 
is within the errors of the measures. The other lines add little or 
nothing to the evidence. Thallium is, however, retained as probably 
present. Where a line was identified by Rowland and later evi- 
dence renders the identification doubtful, it has usually been re- 
tained, but questioned. Only in the lack of positive evidence or be- 
cause of a more probable source for the line has an identification 


TABLE X 
TuHartium, Atomic No. 81 


Arc UNDER- In SUN 


Wit) |S Ar IDENTIFI- 
SPARK Sun—Arc | CATION 
ALA. Int. E.P. Axsorprion | ALA. Int. 
CULO i Pay rine farec 10oR | 0.962 | R sharp .796 ° +o .026 Fe? 
CAA? Ey Wee A ar oe 10oR .962 | R strong | :10oo | —3Nd? | — 1.140 WWe.e one 
Te) | = ARAN NOM Boo Soo? 
SRO EAT om meena bee, 3 8R S002 Gabe SIONS sme e550 — i = VOSS |; me cane 
SOT ER FAN Sie een ters 1oR 7000) | IN; strong) || 27125|—2 = ,O37 Ti? 
SA SOUROun ees lant es: 1oR | 0.962 | R strong | .505 | —3N +0 .005 Tl? 


* Bloch, Journal de physique, 3, 309, 1922. * , 


been rejected. The fine structure of \ 5350, a complex line,’ has been 
much studied. The observed separations and relative intensities of 
the strong components are shown in Table XI. 

The positive identification of such complex lines in the sun would 
furnish the means of studying conditions in the sun’s atmosphere 
from an unusual angle. For more certain identification of thallium 
in the sun, determinations of wave-lengths in vacuum are needed, 
together with further work on the conditions of excitation. 

There remain in the main body of the periodic table the new 
elements, masurium and rhenium, for which our information is too 
meager; a few heavy elements, tantalum, gold, mercury, thorium, 
and uranium, for which precise wave-length data are lacking; and 
lastly, the strongly radioactive elements, radium, actinium, and 
protoactinium. 

* Rowland, Philosophical Magazine, 36, 67 n., 1893. 
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The arc spectra of tantalum, thorium, and uranium are very rich 
in lines, of which few are outstanding. Their spectra have not been 
analyzed, but it is probable from comparison with homologous ele- 
ments that their excitation is low and that their persistent lines are 
in the observable region. For them observations of spectra in the 
under-water spark offer the most promising means of identification. 

In the case of gold, E.P. 4.60, and mercury, E. P. 4.65, the reso- 
nance lines are in the ultra-violet, \ 2427 and \ 2536, respectively. 
The present measurements of their wave-lengths in the accessible 
region are wanting in accuracy. Such as they are, they seem to fur- 


TABLE XI 


SEPARATION AND RELATIVE INTENSITY OF COMPONENTS OF THALLIUM A 5350 


RELATIVE INTENSITIES* 


SEPARATION AUTHORITY 
Blue Red 
SAT 2A scat esse Seva. e cacy I 0.50 Michelson 
Be Listes erervasirt ici ovarshenm I 50 Perot and Fabry 
BRLO purer ere atone rie crertvanets I 75 Barnes 
Ba UA Gesrarteten ce wicsielcsens:6:0iehe I 26 Janicki 
RU Lenteneiecdicebnla se wie ous I 0.35 Nutting 


* Michelson, Philosophical Magazine, 34, 280, 1892; Perot and Fabry, Annales de chimie et de physique, 
16, 115, 1899; Barnes, Astrophysical Journal, 19, 190, 1904; Nutting, ibid., 23, 64, 1906; Janicki, Annalen 
der Physik, 19, 36, 1906. 


nish no evidence of the probable presence of these heavy elements 
in the sun, but as the presence of mercury has been suggested? as well 
as that of tantalum, thorium, and uranium, it is desirable that wave- 
length data of high precision be obtained for at least the important 
lines, in order that comparison with solar lines may yield unequiv- 
ocal results. 

CONCLUSIONS 


The preceding survey indicates the direction that efforts to widen 
our knowledge of the constituents of the sun and to narrow the list 
of the unrecognized elements may profitably take. Fortunately, the 
requirements for these objects run concurrently with those desired 
for the analysis of spectra, and results of laboratory observation are 
of equal importance to the physicist and to the astronomer. In recent 

t Russell, Mt. Wilson Contr., No. 383; Astrophysical Journal, 70, 11, 1929. 

2 Stratton, Astronomical Physics (London, 1925), p- 41. 
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years the progress in spectral analysis has been amazingly successful, 
but there still remain important elements whose spectra have so far 
failed to yield to it, and in great measure it is these same elements 
for which data are lacking for a definite examination of the composi- 
tion of the sun’s atmosphere. These spectra, because of their in- 
herent difficulty, have naturally been left to the last, but, in view 
of past successes, it is not too much to hope that they will soon come 
within the pale of the conquered elements. There is great need for 
wave-lengths of the highest precision to replace the earlier approxi- 
mate measures, but of equal, if not greater, importance is the in- 
vestigation of the effects due to varying the conditions under which 
the spectra are produced in the laboratory. This has been a most 
fruitful line of attack to gain a foothold from which to storm the 
spectral citadel. Many such methods of attack are recognized and 
used, but there remains always the possibility of the discovery of a 
new method, and it behooves the investigator to be ever on the watch 
for what seem to be anomalous or unexpected effects, and to en- 
deavor to relate them to conditions that favor their production. 

The outstanding gaps and deficiencies in related solar and labo- 
ratory data have been given in detail. They are summarized below, 
together with suggested lines of attack for those elements whose in- 
vestigation promises to yield the most immediate results capable of 
filling the gaps and removing the deficiencies. 


SUMMARY 


Osmium and iridium.—Known strong lines are in the accessible 
region. For these elements accurately determined wave-lengths of a 
limited number of lines would suffice for the immediate purpose of 
comparison with solar lines, but the measurement of the complete 
spectra is of increasing importance. Further observation of the solar 
spectrum in the ultra-violet is needed. 

Tantalum, thorium, and uranium.—The spectra probably have 
unrecognized persistent lines in the accessible region. For their 
identification the under-water spark offers a promising means. Pre- 
cise wave-length measures are lacking for all. 

Phosphorus.—Investigations of the infra-red in the laboratory 
and in the sun are indicated as the most promising means of finding 
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dependable evidence for phosphorus in the sun. Phosphor-bronze 
may prove advantageous for obtaining the arc spectrum. 

Arsenic, antimony, bismuth, and thallium.—Re-examination of 
the solar spectrum in the extreme violet with high dispersion. Re- 
measurement of antimony, thallium, and bismuth spectra in the 
same region, preferably in vacuum, and a study of the relation of 
fine structure to excitation, in bismuth and thallium. 

Rare earths —These offer a very promising field of investigation. 
They are of astrophysical importance in the investigation of low 
levels in solar and stellar atmospheres. For five of them data are 
quite inadequate for comparison with the sun. They have been con- 
sidered in a separate contribution.’ 


I take this opportunity to acknowledge my debt to Professor 
H. N. Russell for access to his manuscript in which he discusses the 
quantitative representation in the sun of the elements as identified in 
the Rowland Revision? recently compiled at Mount Wilson Observa- 
tory, and to Dr. I. S. Bowen, of the California Institute of Technol- 
ogy, for his helpful suggestions. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
August 1929 


1 St. John and Moore, Mt. Wilson Conir., No. 364; Astrophysical Journal, 68, 93, 
1928. 

2 Revision of Rowland’s Preliminary Table of Solar Spectrum Wave-lengths, 
Carnegie Institution of Washington, Publications, No. 396, 1928. 
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RONCHY’S METHOD OF OPTICAL TESTING 
By J. A. ANDERSON anp RUSSELL W. PORTER 


ABSTRACT 


1. Ronchi’s method.—Light from a slit is brought to a focus by the lens or mirror 
to be tested. A short distance in front of (or behind) the focal plane is placed a line- 
screen having a spacing of 40-200 lines per centimeter, so oriented that the lines are 
parallel to the slit image. The shadow lines seen by the eye placed at the focus indicate 
clearly the characteristics of the wave surface as it leaves the lens or mirror. This meth- 
od, which is described in Italian publications, is probably not so familiar to American 
readers as it deserves to be. 

2. Modification of Ronchi’s method.—Instead of a single slit, a line-screen illumi- 
nated by a frosted lamp or even by sky light may be used as the source, with the ad- 
vantage that the illumination is so greatly increased that all observations can be made 
in a fully illuminated room. Also, for testing concave spherical mirrors, or lenses and 
paraboloids with parallel light, only one screen is required, one-half of which serves as 
the source, the other half as the observing screen. In this case the lines of the image are 
automatically parallel to those of the observing screen. 

3. A simple mounting for the screen and light-source is described. 

4. Results of the examination of a number of lenses and of a slightly defective con- 
cave mirror are given; these show that the method is fully as sensitive as the Foucault 
knife-edge test. 


1. Of the many methods proposed for optical testing, two have 
come into very general use on account of their adequate sensitivity 
and simplicity in application. These are the Foucault knife-edge test 
and the Hartmann test. With either of these it is easy to observe an 
error of one-tenth of a wave-length in the wave surface as it leaves 
the principal plane of the instrument being tested, and under favor- 
able conditions a considerably smaller error may be detected. 

The knife-edge test is almost universally used by both amateur 
and professional opticians, because it requires only visual observa- 
tions and practically no measurement. Consequently, it is qualita- 
tive rather than quantitative, although with a little practice the or- 
der of magnitude of the error can readily be estimated. 

The Hartmann test, when used to the best advantage, requires 
one, or better two, photographs of the bundles of rays as they ap- 
proach or depart from the focal plane and the subsequent meas- 
urement of the plates. It is, consequently, strictly quantitative and, 
for this reason, especially valuable to the user of an optical instru- 
ment who wishes to be fully aware of all its characteristics. 
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Several interference methods have been developed recently, 
among which may be mentioned those of F. Twyman" and A. A. 
Michelson.? In general, these methods require a rather complicated 
apparatus and a somewhat laborious series of observations. The re- 
sults are, of course, highly accurate and strictly quantitative. About 
1923 Vasco Ronchi announced a simple method of testing which is 
interferential in nature, but requires very little in the way of ap- 
paratus. The theory has been worked out by the discoverer,’ and it 
is not the purpose of this communication to enter into that. We wish 
merely to call attention to a minor modification of his first published 
method and to some results which we have obtained in applying it to 
a few pieces of optical apparatus. 

2. Ronchi’s method.—In Figure 1 a slit S is illuminated by either 
white or monochromatic light from the source O, which, after pass- 
ing through Z, the lens to be tested, comes to a focus at #. A short 
distancein front of F is placed a coarse grating R, such as an ordinary 
half-tone screen, with its lines parallel to the slit S. If the eye is 
placed at or very near F’, the lens will be seen as a bright circular 
disk crossed by a number of dark lines or bands, shown in Plates 
X and XI. The number of dark bands depends upon the distance 
from F to R, and is ordinarily equal to the number of lines on the 
screen R which fall within the light-cone from L. In some positions 
of R the bands are very faint, or appear to break up into a number of 
narrower bands; but in testing this is of no moment, for a position 
near F can always be found where they are well defined and of 
the proper number. If the lens is perfect, so that the light from all 
points on it comes to a focus precisely at F, the bands will appear 
perfectly straight and equidistant. But if a portion of the lens has a 
shorter focus, the light from this region comes to a focus between F 
and R, and the lines over it will be farther apart, while for a region of 
longer focus they will be closer together. If, however, R is placed 
outside the focus F, the phenomena are reversed, the area of shorter 
focus showing lines closer together than normal, and vice versa. 

As an example, consider Plate X f, which shows the appearance 

1 Philosophical Magazine (6), 35, 49, 1918. 

2 Astrophysical Journal, 47, 283, 1918. 

3 La prova dei sistemi ottici, Bologna, 1925. See also Revue d’optique, 5, 436, 1926. 
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of a concave spherical mirror when the screen R was placed 4.3 mm 
inside the center of curvature. Over a circular area in the center the 
bands are crowded together, thus indicating that the focus of this 
area is longer than that of the outer zone. The difference in the radii 
of curvature of the two portions was measured and found to be 0.016 
inch. It is of interest to compute the resulting error for the central 
area. With the dimensions of the mirror given in a later section and 
1 inches as the diameter of the central region, we find the maximum 
departure of the surface from the sphere defined by the outer zone 
to be one-sixth of a wave-length of green light. 

3. Modification of Ronchi’s method.—Ronchi found that the slit S 
need not be infinitely narrow, but may have a width such that its 
geometrical image is just equal to one of the opaque or transparent 


‘je oa : : > 
FIG. 1 


lines of the grating R. This suggested to us that for testing spherical 
mirrors at the center of curvature, or lenses and paraboloids with 
parallel light, the slit might be replaced by a portion of the screen R, 
backed by a lamp, as the source, while an adjacent portion would 
serve as the grating (see Fig. 2). Two distinct advantages are thus 
obtained: first, since light from many slits is used, the illumination is 
greatly increased; and, second, no adjustment for parallelism of slit 
and grating is required, since they are automatically parallel. 

4. Apparatus and observations —The optical set-up is shown 
schematically in Figure 2, and a sketch of the apparatus in Figure 3. 
Light from a small frosted lamp bulb is reflected by a mirror through 
the grating to the mirror or lens under test. It then returns through 
the same grating and enters the eye. As shown in Figure 3, the light- 
source, reflecting mirror, and grating are mounted in a tube which 
can be racked toward and away from the object under test; further, 
the grating can be rotated about the axis of the tube. Scales are pro- 
vided for measuring focal lengths and the rotation of the grating. 
The lamp is an ordinary 2-volt flash-light bulb, taking current from a 
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lighting socket through a transformer. It is worthy of note that no 
attempt was made to darken the room in which the experiments 
were carried on. In fact, part of the time they were made on a bench 
by a window with direct sunlight falling upon the apparatus. 

In considering the drawings shown on Plates X and XI it must 
be borne in mind that the disk of the Ronchi pattern is not perfectly 
sharp around the entire circumference. Because of overlapping of 
the various diffraction orders, the right- and left-hand edges of the 
disks are more or less blurred, the amount depending on the coarse- 


Fic. 2 


ness of the grating used. The blurring does not, however, affect the 
interpretation of the Ronchi pattern and, because of the difficulty of 
reproducing it, has been omitted from the drawings. With this ex- 
ception, the drawings are truthful representations of the phenomena 
observed. 

Gratings of 100, 175, and 320 lines per inch were tried. That 
having the intermediate spacing was found the most satisfactory and 
was used throughout the tests. The mirror selected for examination 
is a spherical concave of 33-inch aperture and 36-inch radius of cur- 
vature. The surface is not perfect, but has a central area whose 
radius is 0.016 inch longer than that of the marginal region. Three 
drawings of the Foucault shadows for this mirror were first carefully 
made with the knife edge at and close to its mean center of curva- 
ture. These are shown in Plate IX with their apparent sections 
drawn below them. To anyone familar with the Foucault method of 
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4, SLIGHTLY IMPERFECT SPHERICAL CONCAVE MIRROR AS 


APPEARANCE OF 
EDGE TEST 


SEEN UNDER THE FOUCAULT KNIFI 


I. Pinhole and knife edge at center of curvature of zone A (central area). 
II. Pinhole and knife edge at center of curvature of zone B (marginal zone). 
III. Pinhole and knife edge at mean curvature of zones A and B. 
The knife edge is advancing from the left. The difference of radii of curvature of the two zones 


is 0.016 inch, A being the longer. 
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APPEARANCE OF GRATING PATTERNS ON A CONCAVE SILVERED MIRROR, AS SEEN AT 
VARIOUS DISTANCES INSIDE AND OUTSIDE THE CENTER OF CURVATURE. THE 
Distances ARE GIVEN IN INCHES 
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testing an optical surface, these drawings will give adequate informa- 
tion as to the characteristics of the mirror. 

Plate X shows the series of Ronchi band patterns or images seen 
when the grating (175 lines per inch) is placed at various positions 
near the center of curvature of the mirror, the distance inside or out- 
side the center being given in inches beneath each drawing. 


Considered in order, a is the first noticeable pattern that appears 
as the grating is moved toward the center of curvature from the in- 
side. The lines are faint and close together. At 6 another pattern 
appears with the lines more separated and intensely black. After an- 
other interval of confusion, c appears with the same separation as J, 
but with the faintness of a. At d the lines are crowded together again 
and are between 0 and ¢ in intensity. The next pattern, e, shows a 
superposition of two line series, a coarse faint series of eight broad 
lines against about thirty-five sharp fine lines. 
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The grating now enters the region just inside the center of curva- 
ture which gives the most sensitive and satisfactory results for test- 
ing purposes. As the center is approached the bands spread out 
rapidly and reveal the features which indicate the character of the 
mirror surface. The positions illustrated are more or less arbitrary, 
as there are no intervals of confusion between f and z (center of cur- 
vature). 

On passing outside the center of curvature the patterns appear- 
ing are those shown, and need no further description. After pattern 
o no more images appear, the mirror having a uniform surface, as at 
p. Returning to the region of greatest sensitivity, we note at / the 
peculiar appearance of the mirror’s central area, the focal length of 
which is greater than that of the outer region. For this position of 
the grating (0.07 inch inside the center of curvature), the first wide 
band just covers the apparently raised central part of the mirror. 
Were this the only criterion for detecting surface errors, the inter- 
pretation would not be clear. But by moving the grating slightly 
nearer the center, the band continues to spread out until it covers 
the whole mirror; and if the grating is then shifted laterally so 
that the broadened band advances from the left, we see the shadow 
pattern 7, which is exactly the appearance under the knife edge 
when the knife edge is at the center of curvature of the outer zone. 

Hence for this particular position of the grating the shadows may 
be interpreted as in the “‘knife-edge test.”” The contour is determined 
by remembering that if the band advances from the /eft the resulting 
shadow models the surface of the mirror as though illuminated by 
light coming from the right at grazing incidence. On passing the cen- 
ter of curvature the first band appearing is very faint (/), and the ad- 
ditional bands rapidly fall off to a region of confusion. 

Plate XI shows the results found by subjecting five different 
lenses to the Ronchi (or grating) test, with knife-edge shadows in the 
right-hand column for comparison. It should be remembered that 
these patterns are seen by the observer in color (secondary spec- 
trum), while those obtained with a mirror are colorless. 

The first test (a, b, c, d) is of a 4-inch telescope lens of ratio f/9. 
The lens at a, under the grating test, is uniform, like the knife-edge 
test at d, except that the left half is colored magenta and the right 
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half green. These colors are reversed if the broad band advances 
from the right. By moving the grating 0.02 inch inside the principal 
focus, b, the first band narrows to the dumbbell form shown, and this 
pattern is repeated in a less pronounced way as more bands appear 
(c). The grating test thus reveals a lack of achromatism as well as a 
slight amount of spherical aberration not evident in the knife-edge 
test. 

The second lens (e, f, g, 2) was a camera objective, f/4.5, of 3- 
inch aperture. Here is strikingly shown at f and h/ the difference in 
appearance between the grating and knife-edge shadows. 

Astigmatism is beautifully shown in the group of patterns ap- 
pearing in the third row. This was a lens of the Petzval type of 23- 
inch aperture. With its lines vertical, the grating was placed so as to 
give 7. Then, without changing its focal setting, the grating was 
rotated into the positions shown at j and &, giving four bands at 7 and 
six at k. The knife edge, when placed at the mean focus, confirms 
matters by showing the shadow /. The bands at 7, 7, and & strongly 
resemble the interference fringes produced by placing an astigmatic 
surface on one of pure revolution. 

Another camera lens, f/4.5, aperture 33 inches (m, n, 0, ), 
shows no trace of astigmatism and has characteristics similar to those 
shown in e-. The appearance of this lens 10° off the axis is shown 
at g. 

The results for the last photographic objective, f/5.6, aperture 
23 inches, shown in 7, s, and ?¢, indicate clearly the fine optical 
quality of this lens. 

The line-screens used in the foregoing observations were photo- 
graphic copies of a commercial half-tone screen. 

CARNEGIE INSTITUTION OF WASHINGTON 


Mount WILSON OBSERVATORY 
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THE RADIAL VELOCITIES OF 741 STARS 
By W. S. ADAMS, A. H. JOY, R. F. SANFORD, anp G. STROMBERG 


ABSTRACT 

This catalogue contains the radial velocities and spectral types of 741 stars observed 
at Mount Wilson with spectrographs of one-prism dispersion. The visual magnitudes 
range from 3.0 to 10.8, many faint dwarf stars being included. 

The following corrections have been applied to the directly measured values: 
F, +0.5 km/sec.; G, 0.0; K, —0.9; M, —o.8. 

Comparisons are made with 142 stars observed in common with the Lick Observa- 
tory, and 96 stars observed at the Dominion Astrophysical Observatory. 

The asymmetry of stellar motions is shown in a striking way by the numerous stars 
of high radial velocity. 

This catalogue of radial velocities contains the results for 741 
stars observed at Mount Wilson during recent years with the spec- 
trographs at the Cassegrain focus of the 60-inch and 1oo-inch re- 
flectors. In all cases a dispersion of one prism has been used, but the 
prism employed in the spectrograph of the 60-inch telescope is of 
somewhat denser glass than the other and affords a larger scale. 
Cameras of 18-inch focal length are used in both instruments, sup- 
plemented in the case of the spectrograph of the 1oo-inch telescope 
by a 1o-inch camera for observations on the fainter stars. The 
linear scale of the spectrograms ranges from 37 A to the millimeter 
at Hy for the spectrograph on the 60-inch telescope with the 18- 
inch camera, to 76 A for the spectrograph on the too-inch with the 
ro-inch camera. 

Table I gives the results found for the radial velocities. The 
arrangement is the same as that in Mt. Wilson Contribution, No. 
258.! The list contains stars ranging in visual magnitude from 3.0 to 
10.8. The photographic magnitudes of many of the fainter stars 
reach 11.0. The brighter stars were observed for the double purpose 
of providing spectra suitable for determinations of absolute magni- 
tude and parallax and of furnishing a comparison with the values for 
such stars measured at the Lick Observatory. The number of stars 
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in each spectral type based on our own classification is as follows: 
ONT; Bixg; Ay 7172, 132; Gy; 1635 K, 189; M, 136; totaly-745. 

A large proportion of the fainter stars are dwarfs with large prop- 
er motions. They were photographed with the 1o-inch camera. The 
radial velocities of all such stars have been rounded off to even 
kilometers. The same procedure has been followed for stars of types 
B and A, observed with the 18-inch camera; but for other types the 
fractional part of the kilometer has been retained. 

Soon after the publication of the Catalogue of Stellar Radial Ve- 
locities by the Lick Observatory a comparison was made between the 
results for all stars observed in common at the Lick and Mount Wil- 
son Observatories. The systematic differences and average devia- 
tions for a single star in a total of 534 stars are as follows: 


Type No. Mt. W.-Lick Aver. Dev. 
km/sec. km/sec. 
1 86 +o0.51 4.9 eae lines, 2.4) 
A pee eae te 81 — .24 3.7 (Good lines, 3.0) 
dH cee) oie 73 — .52 2.08 
(Oe Reo 74 — .05 1.85 
Keren hens 162 + .gI 2.01 
IVR i soescenhctast 58 +0.84 2.04 


The greater dispersion used for the Lick spectrograms and the 
high order of accuracy attained in their measurement have led us to 
apply these values as corrections to the results derived from the low- 
dispersion Mount Wilson spectrograms for all stars of advanced 
spectral type. The differences are especially significant in types K 
and M, where they seem to be due mainly to the wave-lengths of 
some of the blended lines used on the plates of smaller scale. In the 
present list no correction has been applied to stars of types B and A, 
but for the remaining types the following values have been used 
throughout: F, +-0.5; G, 0.0; K, —o.9; M, —o.8. 

Our list contains 142 stars in common with the Lick Observatory 
Catalogue, some of which were used in the previous comparison, but 
many of which are new. There are also 96 stars in common with 
published lists from the Dominion Astrophysical Observatory at 
Victoria. The results of a comparison with these stars are shown in 
the table on page 406. 
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The average deviation for a single star for types F—M is 2.2 
km/sec. when compared with the Lick values, and 2.3 km/sec. when 
compared with Victoria. In a few cases, especially among stars of 
type F, the size of the differences suggests the probability of vari- 
able velocity, but all values have been included in the comparison. 

An interesting feature of the results, but one which would natu- 
rally be expected in a list containing so many stars of large proper 
motion, is the exceptional number of stars with high radial veloci- 
ties. Corrected for the solar motion, twenty-six velocities exceed 
70 km/sec., and seven exceed 100 km/sec. Two of the latter are for 
stars previously observed by Luyten. No exact count has been made 
of the number of velocities greater than 50 km/'sec., but there are 


Type No. Mt. W.-Lick Type No. Mt. W.-Victoria 

km/sec km/sec. 

Bane rns 15 +1.2 Ae ee Ri —o.6 

1 Ue eee SE 20 —0.7 | eco eNei, aE WG 1.6 

Bec chctercsne sak 12 + .7 Gi anne 30 +0.3 

Ce eee ame: 28 Sey Ke ee 26 +1.1 

Oe eee 36 + .5 Mes acai 15 +o.8 

Ve Cee Re. ar +o.1 


at least seventy. These stars show in a very marked way the asym- 
metry of stellar motions studied by Stroémberg, the result being an 
almost complete absence of stars of large positive velocity in the 
northern sky between fifteen hours and two hours of right ascension. 

Six stars, two of which are fainter than the ninth magnitude, are 
shown by the radial velocities and proper motions to be members of 
the Taurus group. The mean value of their radial velocities is 
+39.1 km/sec. The faintest star photographically in the entire list 
is the distant companion of Capella, a dwarf star of type M2. In 
view of the low dispersion employed, its radial velocity, +36 km/ 
sec., is in satisfactory agreement with the motion of the principal 
star, +30.2 km/sec. The components of seven Struve double stars 
show considerable disagreement in radial velocity. As they are 
mostly wide pairs it is probable that they are optical doubles. They 
appear in the Catalogue as B G.C. 3319, 4062, 6064, 7212, 12317, 
Boss 4101-2 and 4340-1. 
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THE SPECTROHELIOSCOPE AND ITS WORK 


PART I. HISTORY, INSTRUMENTS, ADJUSTMENTS, AND 
METHODS OF OBSERVATION 


By GEORGE E. HALE 
ABSTRACT 


The spectrohelioscope permits the visual observation and analysis of the forms and 
motions of prominences at the sun’s limb and of bright and dark flocculi on the disk. 

The principle of the spectrohelioscope was first suggested by Janssen in 1868, and 
successfully tried by Young in 1870 for observing the forms of prominences project- 
ing beyond the limb, but was discarded by him when Zdéllner and Huggins adopted a 
spectroscope with widened slit for this purpose. The spectrohelioscope was developed 
in 1924-1929 by Hale, who applied high dispersion to reveal flocculi on the disk and a 
“line-shifler” to vary the wave-length of the incident light during observation. 

The inexpensive instruments described in this article, which comprise a horizontal 
coelostat telescope and spectrohelioscope, are suitable for a wide variety of observations. 
Two oscillating slits of easily variable amplitude or a pair of square prisms (Anderson’s 
design) rotating before fixed slits may be used to give the monochromatic image of a 
portion of the sun, usually with the 7a line. 

The adjustments of the instruments are described in detail. 

Methods of observing various types of prominences and flocculi and of analyzing 
their forms and radial velocities are then explained. Means of using the spectrohelio- 
scope in conjunction with spectrographs or spectroheliographs are also described. 


The possibility of obtaining the first rational explanation of 
many solar and geophysical phenomena by the aid of modern 
physics and chemistry, and the reciprocal advantages offered to 
these fundamental sciences through the study of matter acted upon 
by powerful forces in the atmosphere of the sun and sometimes ap- 
parently transmitted by solar eruptions to the higher atmosphere of 
the earth, place emphasis on the necessity of improving our methods 
of solar research. In previous papers I have described some of the 
unworked opportunities afforded by the spectrohelioscope, which is 
now easily within the reach of many amateur and professional ob- 
servers. Even in the midst of a large city, under poor atmospheric 
conditions, it will yield valuable contributions in a field of astro- 
physics only partially explored and serve investigators in related 
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sciences as a useful means of adding to their present laboratory 
facilities.” 

As I have learned that several astronomers suppose the inex- 
pensive instruments described in this paper to be intended chiefly for 
educational purposes, or merely to demonstrate the methods in- 
volved, I wish to correct this misapprehension. They are in fact in- 
struments of research, capable of showing all of the phenomena 
described here as well as I can see them myself with my vertical 
spectrohelioscope, which in its present form is precisely equivalent, 
both mechanically and optically, to the spectrohelioscope illustrated 
in Plates XIV, XV, XVI, and XVII. The small coelostat also serves 
as well for these visual observations as the larger one needed for my 
work on solar magnetic fields and other investigations demanding 
very high dispersion. 


ORIGIN AND DEVELOPMENT OF THE METHOD 


Early history. —The well-known solar eclipse of August 18, 1868, 
following which Janssen in India and Lockyer in England succeeded 
for the first time in observing the spectra of prominences in full sun- 
light, needs no description in these pages. A few months later, while 
still in India, Janssen addressed to the Secretary of the Paris Acad- 
emy of Sciences a letter which contains the essential principle of 
both the spectrohelioscope and the spectroheliograph. After refer- 
ring to his observations with an ordinary spectroscope, he says that 
he was not satisfied with them and therefore devised a second 
method: 


Cette nouvelle méthode consiste, dans son principe, a isoler dans le champ 
spectral un des faisceaux lumineux émis par la protubérance, faisceau qui est 
déficient dans la lumiére solaire, et 4 transformer ensuite les éléments linéaires 
des images protubérantielles dans les images elles-mémes, par un mouvement 
rotatif assez rapide imprimé au spectroscope.? 


*I have had so many inquiries regarding the construction, adjustments, and use 
of the spectrohelioscope that I have found it necessary to bring together in this single 
paper a variety of descriptions and illustrations, a few of which have appeared else- 
where, but are included here for the sake of clearness. 


2 Comptes rendus, 68, 94, 1869. See also p. 713 in the same volume. 
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The instrument subsequently built to accomplish this purpose 
has been described and illustrated by Millochau and Stefanik in this 
Journal: 


It consists of a direct-vision spectroscope, in which the collimating lens is 
movable between two screws, permitting the spectrum to be displaced slightly. 
At the focus of the telescope lens is a second slit, the two jaws of which can be 
independently adjusted and used to isolate the desired radiation. This slit is 
observed with a positive eyepiece. The spectroscope thus described is contained 
within a tube, which can be moved rapidly about its axis by means of a system 
of gears. This instrument thus constitutes a spectrohelioscope, and was in- 
tended for the visual study of the prominences; but by substituting a sensitive 
plate for the eyepiece it might be immediately transformed into a spectro- 
heliograph. M. Janssen’s apparatus embodies the principal characteristics of 
the spectroheliograph, although his idea did not receive practical application 
during a score of years. 


In a paper read before the Royal Saxon Academy of Sciences on 
February 6, 1869, Zollner criticized Janssen’s method and suggested 
a widened slit as preferable. After pointing out that an oscillating 
slit would be simpler and better than a rotating spectroscope, he 
discussed the principles involved in the use of an oscillating slit and 
a widened fixed slit, and concluded in favor of the latter (for the ob- 
servation of prominences projecting against the sky): 


Nimmt man der Einfachheit halber an, die ganze Fliche, iiber welche sich 
der Spalt bei seiner Rotation oder Oscillation bewegte, ware von der Protube- 
ranz erfiillt, und setzt voraus, die Intensitaét des entstehenden Nachbildes wire 
umgekehrt proportional jener Fliche (entsprechend einer gleichmissigen Aus- 
breitung des durch den ruhenden Spalt gehenden Lichtes iiber jene Flache) so 
wiirde, unter Annahme der obigen drei Satze, das Intensititsverhiltniss zwi- 
schen Grund und Protuberanz dasselbe bleiben, mag man 

Erstens, durch Oscillation des Spaltes die Helligkeit des Protuberanz- 
gebildes herabsetzen und hierdurch die Helligkeit des superponirten Spectrums 
oder Grundes (nach 2) unverandert lassen oder mag man 

Zweitens, den ruhenden Spalt so weit dffnen, dass sich seine Oefinung gerade 
tiber den Raum ausdehnt, iiber welchen sich im ersten Falle die Oscillation 
erstreckte. Hierdurch bleibt (nach 1) die scheinbare Helligkeit der Protuberanz 
unverindert, die des Grundes wird aber in demselben Verhiltniss gesteigert wie 
sie vorher bei constantem Grunde abgeschwacht wiirde. 

Man wiirde daher unter den gemachten Voraussetzungen das beabsichtigte 


Astrophysical Journal, 24, 42, 1906. 
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Ziel viel einfacher auf dem zweiten Wege erreichen, wenn man stets dafiir Sorge 
triige, dass, der Blendung wegen, das intensive Licht des eigentlichen Sonnen- 
k6rpers nicht in den Spalt dringt. 

Der Spalt brauchte dann nur gerade so weit gedffnet zu werden, dass die 
Protuberanz oder ein Theil derselben in der Oeffnung erschiene.* 


It will be observed that this reasoning is correct only when the 
oscillating narrow second slit, proposed by Janssen to isolate the 
line, is omitted. When used, it reduces the brightness of the con- 
tinuous spectrum without affecting the brightness of the promi- 
nence, thus invalidating the first assumption of Zéllner. 

On February 13, 1869, Huggins applied the wide-slit principle to 
the observation of the forms of prominences at the sun’s limb.? 
Zollner himself first utilized this method on July 1 of the same year,’ 
and it was also adopted by Lockyer, Janssen, Secchi, Respighi, 
Young, and other solar observers. 

In his Contributions to Solar Physics Lockyer remarked: 

At the very outset Janssen and myself attempted to accomplish this [i.e., 
to see the form of the prominences], Janssen by giving a rotary motion to a 


direct vision spectroscope, I by giving an oscillating motion to the slit, in which 
I was followed by Young, who afterwards expanded it. 


He then went on to quote from Young (whose spectroscope with 
two oscillating slits is illustrated on p. 167 of Lockyer’s book) and 
from Zollner, to whom he gave the credit for devising the wide-slit 
method. 

Young, who was the first American astronomer to apply the 
spectroscope to the observation of prominences, described in 1870 
the first spectrohelioscope really capable of showing their forms pro- 
jecting beyond the sun’s limb (Janssen’s apparatus was mechanically 
unsuitable for this, because of the rapid rotation required). After de- 
scribing his new solar spectroscope, he continued as follows: 

The eye-piece of the instrument has an apparatus attached, which, however, 


thanks to the high dispersive power, I find unnecessary. 
It was early proposed by Janssen to use a vibrating or rotating slit in order 


* Berichte der K. Séchsischen Gesellschaft der Wissenschaften zu Leipzig, 21, 78, 
1869. 


2 Proceedings of the Royal Society, 17, 302, 1869. His reference to the use of a second 
slit between the prisms and the observing telescope was subsequently corrected. 


3 Op. cil., 21, 145, 1860. 
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to make visible the form of a solar prominence, but as Zéllner has shown, the 
mere opening of the slit answers just as well, the light of the protuberance being 
diluted to precisely the same extent in either case. 

It occurred to me in connection with a suggestion of Professor Morton, that 
by interposing at the focus of the eye-piece a diaphragm which should move with 
the vibrating slit, the light of the neighboring portions of the spectrum might be 
cut off and this dilution avoided. Mr. Clark has devised and constructed a very 
beautiful mechanical arrangement by which this simultaneous and accordant 
motion of slit and diaphragm is effected by the rotation of the small fly-wheel 
shown in Fig. 1. 

But I find that although, seen in this way, the prominences appear very 
bright; yet the working of the apparatus always causes a slight oscillation of the 
equatorial, which interferes with the definition of details, and I prefer to work 
with the slit simply opened. 


In reviewing these articles, so long forgotten in the early liter- 
ature of spectroscopy, one is struck by several points. Apparently, 
Zollner’s introduction of the convenient wide-slit method depended 
largely upon his failure to notice or appreciate the value of Janssen’s 
proposed second slit for isolating the spectral line, which was also 
ignored by Lockyer. Young independently adopted a second slit, 
and was able to observe prominences with its aid. Nevertheless, he 
relinquished the possibilities afforded by his spectrohelioscope as 
soon as the fixed wide slit enabled him to see prominences outside 
the sun’s limb. I can find no evidence that he ever looked for promi- 
nences on the disk with his oscillating slits, but in any event the 
linear dispersion of his spectroscope was insufficient to show any of 
them satisfactorily, unless of great intensity. The whole incident, 
like many others in the history of science, illustrates how a valuable 
principle may remain unused for decades, even when repeatedly pub- 
lished in widely read volumes. 

It should be remembered, however, that it was not then a ques- 
tion of increasing the contrast, but of finding a means of seeing the 
forms and not merely the spectra of prominences projected against 
the comparatively faint dispersed light of the sky. The idea of set- 
ting the oscillating second slit on different parts of a line, and thus of 
employing the spectrohelioscope as a quick means of velocity analy- 
sis and for studies of the flocculi at different levels, apparently oc- 


* Journal of the Franklin Institute, 60, 334, 1870. 


4II 


6 GEORGE E. HALE 


curred to no one. As for prominences on the disk, although a few of 
exceptional intensity were seen there by Young and others with 
widened slit, the average prominence was evidently regarded as un- 
attainable, so far as its form was concerned, when carried by the 
sun’s rotation against the brilliant background of the photosphere. 
Secchi, however, gave voice in Le Soleil to a hope that must have 
been generally entertained: 

Ce qui serait 4 désirer maintenant pour faciliter encore davantage ces 
recherches, c’est la découverte d’un milieu parfaitement monochromatique pour 
les raies de l’hydrogéne. On verrait alors ’image de ces flammes rouges comme 


on voit celles des taches. Ce milieu peut-il etre trouvé? Nous engageons les 
physiciens a diriger leurs recherches de ce coté. 


The spectrohelioscope accomplishes this purpose for limited 
areas and at the same time enables the wave-length of the trans- 
mitted light to be varied with the “line-shifter’”’ or otherwise. 

Recent progress —Soon after we obtained on Mount Wilson the 
first spectroheliograms of the hydrogen flocculi with the Ha line,? it 
occurred to me to try to observe their forms visually with the 30-foot 
spectroscope of the 60-foot tower telescope. This vertical spectro- 
scope was of the Littrow type, with the slit in the optical axis of the 
tower telescope and an opening for a photographic plate at one side. 
Thus a second slit could be placed in the plate-opening in line with 
the first slit, an arrangement used when the instrument was em- 
ployed as a spectroheliograph, either with a grating or with a large 
liquid prism mounted at the bottom of the 30-foot pit. 

The distance between the slit centers is 6 inches, and it was a 
simple matter to mount in their place a circular brass disk, with its 
vertical bearing halfway between them. This disk was provided with 
a number of radial slits, which successively served in pairs as the 
first and second slits of a spectrohelioscope. As the first slit moved to 
the right, the corresponding Ha line moved with the opposite slit at 
the same speed to the left, assuming the adjustments to be properly 
made and the field restricted so that only one pair of slits was il- 
luminated at any time. Thus the observer, using a low-power posi- 


* Op. cit. (2d ed.; Paris, 1877), 2, 16. 


* Hale, Contributions from the Mount Wilson Observatory, No. 26; Astrophysical 
Journal, 28, 100, 1908. 
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1. Prominences photographed with /7a line, September 20, 1909 


b. Direct photograph of the sun, July 31, 1927 

Hydrogen flocculi, photographed with Ha line, July 31, 1927 
d. Calcium flocculi, photographed with K line, July 31, 1927 

e. Coelostat temporarily used with 13-foot spectrohelioscope in 1924 


f. Oscillating slits of 13-foot spectrohelioscope, 1924 
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tive eyepiece or a single lens focused on the second slits, should see a 
monochromatic image of a portion of the sun. 

The method was feasible, but lack of time prevented me from de- 
termining the best spacing and width of slits, and thus from obtain- 
ing good results at that period. I kept the plan in mind, however, 
and after giving up the directorship of the Mount Wilson Observa- 
tory I decided to devote myself to its development. In the winter of 
1923-1924 I accordingly set up in my garden in South Pasadena a 
coelostat telescope belonging to the Mount Wilson Observatory and 
a horizontal spectrohelioscope of 13 feet focal length (Plate XI1e, f). 
This was of the type illustrated in the present article, but the (6-in.) 
grating and two concave mirrors were mounted in a long wooden 
box and the oscillating bar (used instead of a rotating disk) was 
provided at each end with a set of five slits, instead of the pair of 
single slits now employed. The wooden supports were unstable, and 
the mechanical parts rather crude. But by March, 1924, I had seen 
some dark hydrogen flocculi against the sun’s disk and satisfied my- 
self that when properly built the spectrohelioscope would prove a 
success.’ Fortunately, I had chosen the diameter of solar image (2 
in.), focal length of spectrohelioscope (13 ft.), and slit-width (0.003 
in.) which I still find most suitable for use with the Ha line in the 
brightest first-order spectrum of the gratings available (ruled with 
about 15,000 lines per inch). 

When my Solar Laboratory, with a vertical coelostat telescope 
and the combined spectroscope, spectrohelioscope, and spectrograph 
shown in Plates XX V—XXVII, had been erected in Pasadena in 1925, 
it thus became merely a matter of transferring the same optical parts 
to their new and more substantial metallic mounting. Using at first 
the same oscillating bar with two sets of five slits (later reduced to a 
single pair of slits), I at once obtained excellent results. The promi- 
nences at the limb and the bright and dark flocculi all over the disk 
were easily seen, and by setting the second slit at different distances 
from the center of the Ha line the variation of form and intensity 
with the wave-length and the radial velocities of the various parts 
of the prominences and flocculi could be quickly detected and com- 


1 Mt. Wilson Communication, No. 87; National Academy of Sciences Proceedings, 
I0, 361, 1924. 
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pared.t The value of the spectrohelioscope for most of the purposes 
enumerated in the present paper then became apparent, and I de- 
cided to develop some of its possibilities, especially with the view of 
reducing its cost and thus rendering it more generally available. 

Before describing the instruments since constructed for this pur- 
pose I must refer to a form of spectrohelioscope proposed by the late 
Mr. Thomas Thorp sometime before his death in 1914, a blue-print 
of which has kindly been sent me by Mr. Buss. This instrument, 
consisting essentially of a short-focus direct-vision spectroscope with 
a Thorp grating replica, mounted within a rotating drum carrying 
a large number of slits, is admirably designed and should serve on an 
equatorial telescope for the observation of prominences beyond the 
limb. Its dispersion would be too low, however, for satisfactory ob- 
servations of the flocculi, though it might show those of greatest 
intensity, including the brightest eruptions on the disk. 

Another project for a spectrohelioscope was described and il- 
lustrated in 1924 by Mr. F. Stanley, who first tried some experi- 
ments with a rotating disk with radial slits in 1912. 

The instrument consists of a rotating disc (2) in which are cut a number of 
radial slits. The light which forms an image of the sun or other object comes to 
a focus on the rotating disc at (16). The light passes through the slit and is 
collimated by the object glass (3), and passes through the deflecting system (4) 
and (4’) and the pentagonal prism (5). The dispersing element (17) is a high 
dispersion compound prism which forms an image by means of the object glass 
(7) on the disc at position (17). This slit image will be in monochromatic light 
and will pass out through the slit at (17) into the observing eyepiece (13). 

When the instrument is in use, the disc (2) is rotated, by means of a pulley 
(15) and an electric motor, at a speed which will eliminate flicker, and the object 
is then seen in monochromatic light corresponding to that for which the com- 
pound prism is set. When light of a different wave-length is required, a suitable 
deflecting prism is interposed at (18). The degree of purity will, of course, de- 
pend on the width of slits employed. The deflecting prisms (4) and (4’) are used 
to correct small errors of deviation due to the dispersing prism (17) and are 


driven by suitable gearing to make one complete revolution as the entrance 
slit passes the object.? 


"Hale, Publications of the Astronomical Society of the Pacific, 38, 97, 1926; Mt. 
Wilson Communication, No. 97; National Academy of Sciences Proceedings, 12, 286, 
1926; Nature, July 3, 1926, Supplement; ibid., 118, 420, 1926; ibid., 119, 708, 1927. 


2 Nature, 114, 683, 1924. 
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I prefer the simpler form of spectrohelioscope described in the 
present article, in which no revolving deflecting prisms are needed. 

In a letter dated January 6, 1927, Mr. Evershed wrote me as 
follows: 


You may be interested to hear that I have recently made a spectrohelioscope 
attachment to my spectroheliograph, and have seen for the first time the dark 
prominences on the sun’s disc. It is not so simple to construct as in your design, 
because the light coming from the prisms is reflected out at right angles near 
to the first slit, as in the sketch that I enclose, so that I have to construct a 
horizontal rocker with arms about a foot long and at right angles. This is 
pivoted over the mirror M2, and the end of each arm carries a vertical slit made 
of aluminium sheet. The whole is made as light as possible, and braced together 
to give rigidity, yet at any slight jarring in the running of the electric motor, such 
as happens when the joint in the belt runs over the small motor pulley, there is 
a tendency for the Ha line to move slightly on the slit, and then one sees dark 
shadings moving over the portion of the sun’s disc under observation. I hope to 
cure this defect eventually. 


Evershed’s spectroheliograph, it should be added, is of the Lit- 
trow type, of 16 feet focal length, provided with a 6-inch meniscus 
collimator lens and two very fine 45° prisms of the same aperture, 
used with a plane mirror behind them. 


INEXPENSIVE INSTRUMENTS 


A brilliant solar eruption, beautifully seen in all its changing 
forms on the sun’s disk only a few days after my improved spectro- 
helioscope had been brought into use, and followed by a violent 
terrestrial magnetic storm,’ emphasized for me the importance of 
establishing a chain of such instruments around the world. With 
their aid the sun could be kept under observation almost continu- 
ously, thus rendering practically certain the detection of all similar 
outbursts and greatly facilitating the study of their relationship to 
terrestrial phenomena. At present many of them are missed and 
progress is correspondingly slow. 

The practicability of building small but efficient solar telescopes 
and spectrohelioscopes was soon proved by experiments with my 
larger instruments, and several designs were prepared, some of which 


t Hale, Mt. Wilson Communication, No. 97; National Academy of Sciences Proceed- 
ings, 12, 286, 1926. 
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have been briefly described. The instruments illustrated in the 
present article embody later improvements and have been so satis- 
factory in performance that a more detailed description, including fur- 
ther information regarding their design, adjustment, and use, is due.” 

The necessary equipment, which in reality constitutes a small 
but efficient solar observatory, includes: (1) a telescope, which in 
its simplest and least expensive form comprises a coelostat, second 
mirror, and single lens; (2) a spectroscope, of about 13 feet focal 
length, of the reflecting or Littrow type; (3) a pair of oscillating slits 
or some other device for producing the necessary rapid relative mo- 
tion of the slits and solar image. 

The general arrangement of the telescope and spectrohelioscope 
is shown in Figure 1, from a sketch by Mr. Russell W. Porter. Figure 
2, from a drawing by Mr. Nichols, of the Mount Wilson Observa- 
tory, gives the dimensions and relative positions of the piers. If 
made of concrete, ‘‘floated”’ on a bed of sand 6 inches thick, and not 
in direct contact with the floor, they will be stable and will not easily 
transmit vibrations. I may add, however, that I have also found 
heavy wooden boxes, filled with earth, to serve very satisfactorily as 
piers. 

The telescope.—Mr. Porter’s drawing of the coelostat, second 
mirror and lens (Plate XIII) is so clear in‘itself that little explanation 
is required. The mirror of the coelostat (53 in. in diameter) and the 
second mirror (43 in.) are made of ordinary plate glass, 4 inch thick, 
with silvered front surfaces, plane to about a quarter of a wave. 
Glass is perfectly satisfactory in such a case; it would be a waste of 
expense to use fused silica for such small mirrors. The coelostat is 
driven by an ordinary (two-dollar) clock movement with escape- 
ment, as the intermittent motion is not perceptible under the low 
powers employed. The two slow motions for rotating or inclining the 
second mirror, thus bringing any part of the solar image upon the 
first slit of the spectrohelioscope, are shown here controlled by cords 
within reach of the observer, but these may be replaced by light rods 

*Hale, Nature, 121, 676, 1928; Scientific American, 140, 302, 1920; ibid., Pp. 436, 


1929. See also Amateur Telescope Making (2d ed.), Part IX (Scientific American Pub- 
lishing Co., 1928). 


*Such instruments can be purchased from Howell & Sherburne, 88 N. Delacy 
Ave., Pasadena. 
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PLATE XIII 


CorLostat, SECOND Mrrror, AND TELESCOPE LENS 


EL 
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or tubes. The 4-inch single lens of 18 feet focal length can also b 


focused by the observer. A single lens serves perfectly for observa- 
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tions with monochromatic light, but it is poorly adapted for drawings 
of the directly enlarged solar image, often needed to record the forms 
and positions of spots and faculae. Perhaps the simplest way to ob- 
tain such an enlarged image is to mount a 1- or 2-inch telescope with 
eyepiece within the building, at one side of the spectrohelioscope and 
making an angle of about 20° with it. By turning the second mirror 
so as to send a beam of parallel rays past one side of the 4-inch lens, 
instead of through it, this small telescope can be fed with sunlight 


17 MIRROR . 


et 
2XP MIRROR 


HAND HOLE FOR 
MAKING ADJUSTMENTS 


CONCRETE 


Fic. 2.—Concrete piers for coelostat telescope and spectrohelioscope 


and the enlarged solar image sketched upon paper fastened to a 
drawing screen fixed at the focus of the eyepiece. 

If desired, the coelostat, second mirror, and lens can be erected 
at the summit of a light steel tower and the beam sent vertically 
downward to the spectrohelioscope, mounted in a well in the earth 
beneath it. Such a tower telescope, with a small observing house at 
its base, takes little space and can be very cheaply built from stand- 
ard materials. Or the coelostat, etc., can be placed on top of a build- 
ing (if free from vibration) and the beam directed through a hole in 
the roof or down an open shaft. 

I have not built a spectrohelioscope for attachment to an equa- 
torial telescope, but this should not be difficult, especially if Ander- 
son’s rotating prisms (Plate XIX) are used instead of oscillating slits 
(to avoid vibration). A two-mirror or Littrow spectroscope of about 
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13 feet focal length, clamped to the telescope tube and receiving its 
light from the solar image by the aid of two right-angle prisms, would 
be needed in this case. The coelostat telescope and fixed spectro- 
helioscope are more convenient, however, and much less expensive. 

The spectroscope.—lf the angular dispersion used is assumed to be 
that of the first-order spectrum of an original plane grating ruled 
with about 15,000 lines per inch, a focal length of 13 feet will be 
found suitable for the spectroscope. This gives an Ha line of suffi- 
cient width (about 0.008 in.) for use with first and second slits 0.003 
or 0.004 inch wide. If narrower slits are employed, the dust lines are 
likely to be troublesome, even if the brightness of the spectrum is 
great enough. After trying focal lengths as short as 42} inches and 
as long as 75 feet, I can recommend 13 feet to anyone possessing 
such a grating as I have described, very bright in the first order. 

As for the design of the spectroscope, I prefer that shown in Plates 
XIV, XV, XVI, and XVII. In this arrangement the rays diverging 
from the first slit fall on a spherical concave mirror 3 inches in diam- 
eter, which renders them parallel and returns them to the grating. 
This is rigidly mounted near the first slit, just below the diverging 
beam. The grating is set at such an angle as to return the spectrum 
to a second concave mirror exactly like the first and mounted be- 
low it. This is illuminated only by the region centering on the line 
employed (usually Ha), and as the upper (collimating) mirror is 
concealed from the observer by a suitable diaphragm, the intensity 
of the diffuse light entering the eye is greatly reduced, thus adding 
to the visibility of faint prominences or flocculi. 

The lower concave mirror forms an image of the spectrum on the 
second slit, with which Ha is brought into coincidence. The second 
slit is observed through a positive eyepiece (a single lens will usually 
suffice) having a magnifying power of from two to four diameters. 
Sunlight is excluded from the room by a tube, extending from the 
first slit to the opening in the wall. The darker the room the better 
one can see the structure of the solar atmosphere. 

An alternative design for a spectrohelioscope, with slits horizontal 
instead of vertical, is shown in two previousarticles.* This permits the 
use of slits with centers only 33 inches apart, and consequently of a 

t Hale, Nature, 121, 676, 1928; Scientific American, 140, 302, 430, 1929. 
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very light oscillating slit system. The chief idea of this spectrohelio- 
scope was to simplify construction and reduce cost. I prefer the verti- 
cal slit arrangement, but the horizontal slit design is mentioned here 
because ofits bearing on the possible substitution of astandard Littrow 
spectroscope for the two-mirror reflecting spectroscope adopted for 
both of the preceding instruments. 

Perhaps the simplest of all spectroscopes for the purpose in view 
is one of the Littrow type, in which a single crossed lens, with grating 
mounted behind it, is used instead of the two concave mirrors and 
grating mount already shown. The radius of curvature of the front 
surface of this lens should be equal to its focal length (13 ft.), thus 
returning the sunlight reflected from this surface to a focus on the 
first slit and keeping it out of the observer’s eye. The light reflected 
from the more highly curved second surface produces another image 
of the first slit at a point on the same axis not far from the lens, where 
a small flat bar should be mounted to conceal it. The intensity of 
the white light scattered by the illuminated face of the grating 
naturally depends upon the grating employed and also upon the 
width of the first slit and the focal length of the spectroscope. I 
have seen the flocculi and the prominences beyond the limb fairly 
well with such a Littrow arrangement, but the contrast was less pro- 
nounced than with the double-concave-mirror form, which I there- 
fore prefer. 

Two prisms, with a plane mirror returning the dispersed beam 
through them, can be used in place of a grating. This equivalent of 
four prisms gives less dispersion in the Ha region than the first order 
of a grating, unless glass of considerably higher refractive index than 
that at my disposal is available. I strongly recommend a grating, 
but it must be an original ruling, preferably of the 4-inch size (ruled 
area approximately 233 inches). Such gratings are obtainable 
from J. W. Fecker, 1954 Perrysville Avenue, Pittsburgh, Pennsyl- 
vania, and from Adam Hilger, Ltd., 75a Camden Road, London, 
N.W. 1, England. Thus far I have been unable to obtain a reflecting- 
grating replica good enough to meet the needs of the spectrohelio- 
scope. I have also tested many transmission replicas without finding 
one of suitable quality. Nevertheless, I still hope that some im- 
proved method of copying gratings may ultimately be perfected. 
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Production of the monochromatic solar image.—The original 
Janssen-Lockyer method of observing the spectra of prominences, 
supplemented by the use of a wide slit to reveal their forms, serves 
admirably when it is only a question of reducing the brightness of 
the sky by the dispersion of the spectroscope. If, however, the sky 
were as bright as the sun’s disk, the prominences, except in rare 
cases, would be rendered invisible by its overpowering brilliancy. 

Professor Charles A. Young, one of the ablest and most experi- 
enced of solar observers, stated the case as follows in his well-known 
book, The Sun: 


In a few instances the gaseous eruptions in the neighborhood of a spot are so 
powerful and brilliant that with the spectroscope their forms can be made out 
on the background of the solar surface in the same way that the prominences 
are seen at the edge of the sun. In fact, there is probably no difference at all in 
the phenomena, except that only prominences of most unusual brightness can 
thus be detected on the solar surface. 

Secchi’s reference to the need of a method of observing prominences 
against the disk has already been quoted. Here, as the spectro- 
heliograph first showed in 1903,‘ they usually appear as dark flocculi, 
because their comparatively cool gas absorbs the light of the hotter 
photosphere. Bright flocculi also occur, due to brighter hydrogen, 
usually found at lower levels. When these flocculi are intensely 
bright their forms can be made out roughly against the disk with a 
spectroscope by widening the slit, as already noted. Extremely dark 
flocculi may also be seen imperfectly in the same way, as Mr. Buss 
has shown; but these are exceptional cases. Most of the flocculi, 
bright or dark, disappear when the slit is widened sufficiently to in- 
clude their forms. The weakening and disappearance of most of the 
lines of the solar spectrum, observed when the purity is decreased by 
widening the slit of a spectroscope, illustrate this effect. The spec- 
trohelioscope retains the strong contrast given by a narrow slit, and 
thus renders visible the flocculi, both faint and intense, against the 
brilliant disk.? It also shows the prominences at the limb against a 

t Hale and Ellerman, Publications of the Yerkes Observatory, 3, Part I, 1903; Astro- 
physical Journal, 19, 41, 1904. 

2 The “motion forms” of Lockyer (Contributions to Solar Physics, Fig. 149), due 


to distortion of the hydrogen lines, are not to be confused with the true forms of the 
flocculi (see below, p. 437). 
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nearly black background. Moreover, as a narrow slit prevents the 

overlapping of images observed in white light with a wide slit, the 

spectrohelioscope renders visible the structure of sun-spots, which 
can be sharply seen with light from any part of the solar spectrum 
away from the dark line. 

As we have seen, the spectrohelioscope may thus consist of a 
spectroscope of considerable dispersion, provided with a pair of 
oscillating slits and a “‘line-shifter” for varying the wave-length of 
the light transmitted by the second slit. Asin the case of the spectro- 
heliograph, however, a monochromatic image can be produced 
either by motion of narrow slits with respect to the solar image, or 
by motion of the solar image with respect to the slits. The chief dif- 
ference between the two instruments lies in the fact that the spectro- 
heliograph builds up its image gradually, slit-width by slit-width, by 
a slow motion of the slits or of the solar image with respect to the 
photographic plate, while the spectrohelioscope must reveal a con- 
siderable area of the sun at once to the eye, which obviously could 
not see the forms of the flocculi through slowly moving slits a few 
thousandths of an inch wide. Hence the rapid motion of the slits or 
of the solar image required for the spectrohelioscope. 

I have tried successfully three systems of moving slits, as fol- 
lows: (1) an oscillating bar carrying single slits at each end; (2) an 
oscillating bar carrying three or more slits at each end; (3) a rotating 
disk carrying many radial slits. 

Three means of producing rapid motion of the solar image with 
respect to fixed slits have also been devised: 

1. An oscillating plane mirror, so mounted in conjunction with a second plane 
mirror that the second slit can be viewed in another part of the same mirror 
system. This was suggested by Dr. Sinclair Smith. 

2. Asquare prism of glass, mounted before each of the slits, rotating uniformly 
about an axis parallel to them. The portion of the solar image under observa- 
tion reaches the first slit through one prism, while the resulting fixed mono- 
chromatic image is seen in an eyepiece focused through the other prism on 
the second slit. This device is due to Dr. J. A. Anderson. 

3. An oscillating right-angle prism, mounted with its edge parallel to the slits 


and its hypotenuse surface normal to their plane. In this arrangement, 
previously used in somewhat different form on the spectroheliographs of our 
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60-foot and 150-foot tower telescopes at Mount Wilson, and now on that of 
my Solar Laboratory in Pasadena, the solar image moves at twice the speed of 
the prism. 


All three of these devices for use with fixed slits are here supposed 
to be employed with a spectroscope in which the apparent motion of 
the solar image, as observed through the second slit, is opposite in 
direction to the actual motion of the solar image across the first slit. 
In this case, when looking at the second slit through an extension of 
the oscillating or rotating optical system that causes the motion of 
the solar image, the effect of this motion is exactly compensated and 
the monochromatic image appears at rest. The same devices can be 
adapted for use with spectroscopes of other types. 

A more detailed consideration of several of these schemes may 
now be given. 

Oscillating slits —The simplest arrangement for the vertical-slit 
spectrohelioscope is a single pair of oscillating slits, as shown in Plate 
XIV. The bar supporting the slits is of sheet aluminum ;',-inch thick, 
hammered into shape over a suitable form. This bar is mounted on 
a conical bearing, resembling that of a jeweler’s lathe, which permits 
all wear to be taken up for the purpose of eliminating vibration. 
The two slits are of simple design, one jaw being movable by a 
micrometer screw with divided head. The upper (first) slit is fixed 
on the bar, while the second slit can be rotated so as to make it 
exactly parallel to the Ha line. This slit is also provided with small 
windows at top and bottom, permitting the upper and lower end of 
the line to be seen when the oscillating bar is at rest. In this way 
three adjustments can be effected: parallelism of the slit to the line, 
coincidence of slit and center of line when the circle of the line- 
shifter (see below) reads zero, and precisely equal motion of slit and 
line when the oscillating bar is moved (see ‘‘Adjustments’’). 

The driving mechanism is shown in Plate XVII and Figure 3. A 
steel pin projecting from the face of a small brass disk driven by an 
electric motor of adjustable speed is so mounted that it can be 
moved toward or away from the center of the disk, thus permitting 
the amplitude of oscillation to be varied. This pin travels in a slot 
of adjustable width at the end of the oscillating bar. When properly 
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made and adjusted the bar can be very rapidly oscillated without 
setting up troublesome vibration. The amplitude employed in my 
instruments is usually about + inch, and the speed of the motor is 
regulated until the point of least flicker and vibration is found. 

This driving device naturally involves a maximum slit velocity at 
the middle of an oscillation, slowing down to zero at each reversal of 
direction. Consequently the rectangular monochromatic image of a 
portion of the sun seen through the eyepiece focused on the second 
slit is brighter near the edges than at the center. In practice this is 
not objectionable. It can be reduced or completely eliminated, if de- 
sired, by multiple slits or revolving disks. 


ADJ. CRANK PIN * 
Fic. 3.—Driving mechanism for oscillating slits 


The use at each end of the oscillating bar of three or more slits 
permits the rate of oscillation to be reduced (for the same degree of 
flicker) but calls for a fixed distance between consecutive slits, cor- 
responding to invariable amplitude in the case of a pair of single 
slits. This distance must be slightly less than the width of a fixed 
window, or wide slit, mounted on the collimator axis just below the 
central position of the middle (oscillating) slit, so as to permit only 
one of the “‘first”’ slits to illuminate the collimator mirror at any 
moment. The amplitude of the oscillating bar must of course be in- 
creased sufficiently to bring all the slits successively into play. As 
for the slits themselves, they may be of fixed width (as in my first 
spectrohelioscope) or adjustable.t If a fixed window, such as that be- 
hind the first slits, is mounted centrally behind the second slits, a 


* We have designed closely spaced adjustable slits of a very simple type. 
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single monochromatic image will be seen. If not, this image will be 
flanked on both sides by other images. If it be assumed that the 
central second slit falls on Ha, these supplementary images will be 
given by light from the continuous spectrum outside of Ha. Thus, 
if desired, the Ha flocculi above a group of sun-spots may be seen 
simultaneously in the same field of view with the spots themselves. 
This is often convenient, especially if a window is used behind the 
second slits of such width and adjustment as to show an Ha image 
beside only a single continuous-spectrum image of the spots. Obvi- 
ously this could be obtained with a combination of a single first slit 
and a double second slit. However, the line-shifter permits such a 
quick transition from Ha to a continuous-spectrum image that 
recently I have not often employed multiple slits. 

In a spectroscope of great focal length, such as the 30-foot spec- 
trograph of the 60-foot Mount Wilson tower telescope, the diffuse 
light from the grating and the inclination of the spectral lines with a 
Littrow spectrograph are so slight that one is tempted to use a 
rotating disk carrying many radial slits—an arrangement that ap- 
pealed to me at the outset because of its simplicity and the complete 
absence of flicker. Recently I have obtained fairly good results in 
this way, even with a focal length of 13 feet. One of the disks, in 
which fifty radial slits were cut by Mr. Hitchcock on the face of a 
glass disk coated with silver or a uniform film of Duco paint, is 
shown in Plate XVIII.t This method, however, has several disad- 
vantages compared with the oscillating bar and pair of single slits, 
among which the invariable slit-width and spacing and considerable 
inclination of the lines in certain spectroscopes may be mentioned. 
If I could afford the time I should nevertheless be inclined to develop 
it further, perhaps introducing adjustable slits and other changes. 
(I have already devised a simple optical method of bringing inclined 
spectral lines into precise coincidence with radial slits.) 

Much more might be said regarding moving slits of various 
forms, especially those adapted for use with other kinds of spectro- 
scopes. I must pass on, however, to the type of spectrohelioscope in 


t The slits were cut on a Brown and Sharpe milling machine with a special! tool. As 
the best spiral head is hardly accurate enough for spacing the slits, a divided circle with 
microscopes was employed. 
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which two fixed slits are employed, with devices for producing the 
necessary relative motion of the sun’s image. On page 422 I have 
mentioned three of these, all of which could doubtless be made to 
give excellent results. Only one has been adequately developed, the 
ingenious scheme suggested by Anderson to give a monochromatic 
image completely free from the effects of flicker and instrumental 
vibration. 

Rotating prisms.—Plate XIX illustrates Anderson’s device, in 
the form which I have adopted for the spectrohelioscopes built by 
the Mount Wilson Observatory and loaned to solar observatories 
widely distributed in longitude. Two rectangular prisms, square in 
cross-section, are mounted on a single shaft driven by 4 small electric 
motor. The upper prism receives the direct sunlight and transmits it 
to the first slit, on which the solar image is focused. Evidently the 
width of the area transmitted depends upon the width of the prism 
face and the index of refraction of the glass. As the prism rotates, 
this area is moved by the varying refraction across the slit and this 
process is repeated four times in each revolution. The second prism, 
rotating at the same speed, precisely compensates for the action of 
the first prism, and spreads before the eye a flicker-free monochro- 
matic image of the area in question. When equipped with well-made 
prisms, accurately aligned, this admirable method gives beautiful re- 
sults. The use of fixed slits simplifies the adjustment of the spectro- 
scope, and the uniform rotation eliminates the dangers of vibration. 
It is true that with a single pair of prisms it is not possible to change 
the amplitude, which limits the brightness of the monochromatic 
image seen with a given slit-width. This can be done with oscillating 
slits, as already stated.‘ But for most purposes I can recommend 
Anderson’s prisms, which are readily adaptable to existing Littrow 
spectroscopes. 

Line-shifter —Thus far we have considered the spectrohelioscope 


* Since this article was put in type we have devised a simple attachment which 
will permit the amplitude of oscillating slits to be quickly varied while they are in 
motion. This will enable us to use a very small amplitude for the study of faint details 
on the dark center of Ha, and greatly to increase the amplitude (thus protecting the 
eye by holding down the brightness) when passing beyond the dark line on to the bright 
continuous spectrum. The same device, combined with a right-angle prism above the 
first slit for rotating the solar image, can also be used as a micrometer for measuring 
the dimensions of flocculi or their distance from sun-spots. 
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chiefly as a means of seeing directly such structure as is revealed 
photographically by a spectroheliograph with its second slit fixed at 
a given wave-length. The possibility of instantly varying the wave- 
length of the transmitted light while visual observations are in prog- 
ress introduces a new and valuable element, applicable in the com- 
parison of the forms of flocculi corresponding to different parts of 
the Ha line, the study of the relationship of the flocculi to neighbor- 
ing sun-spots, the instant measurement of radial velocities, and the 
rapid velocity analysis of prominences and flocculi. 

Any simple method of varying the relative position of the second 
slit and line may be employed. In my first spectrohelioscope the 
bearing that carried the oscillating bar was mounted on a support 
movable by means of a micrometer screw. Another method would 
be to move the first or second slit separately, most easily done when 
the Anderson prisms are employed. On the whole, however, I rec- 
ommend the use of a piece of approximately plane-parallel glass, 
mounted just behind the second slit on a steel shaft, which is rotated 
by means of a milled head. Concentric with the shaft and milled 
head is a circular arc of 34-inch radius, with edge divided into de- 
grees, or provided with a wave-length scale (shown in Plates XIV and 
XIX). The arc also carries near its circumference two adjustable 
brass stops, which can be clamped at any distance from the zero of 
the circle. The stops are sheathed with short pieces of rubber tubing, 
so as to prevent jar when the arc is moved rapidly back and forth 
between these limits. They permit the line-shifter to be employed 
like a “blink”? comparator, facilitating the instant comparison of the 
forms or positions of prominences or flocculi corresponding to any 
part of the line with sun-spots or faculae seen by light from beyond 
its extreme boundaries. The adjustment and use of the line-shifter 
will be described more fully below. 


INSTRUMENTAL ADJUSTMENTS’ 
Horizontal coelostat telescope —1. Level the coelostat and adjust 
its polar axis to correspond with the latitude of the observing station. 


Most of these directions will be quite unnecessary to solar spectroscopists. 
They are given in detail because of the fact that several spectrohelioscopes are being 
érected or used by those who have had little or no experience in solar spectroscopic 
work. The directions refer to spectrohelioscopes with vertical slits. 
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2. Set the axis of the coelostat and the rails on which it slides in 
a north and south line. 

3. See that the centers of the second mirror, the lens cell, the 
first slit of the spectrohelioscope, and the upper concave mirror lie 
on a horizontal north and south line. 

4. Move the coelostat north or south until a beam of sunlight 
reflected from its mirror falls centrally on the second mirror. Start 
the clock and clamp the coelostat mirror at this position. 

5. Put the lens in place at the central position of its run, which 
should be at a distance equal to its focal length for Ha (about 18 
ft.) from the first slit of the spectrohelioscope. 

6. Turn the second mirror until the beam of sunlight falls cen- 
trally on the lens. The solar image should then be central on the 
first slit of the spectrohelioscope and the diverging beam from the 
slit (opened to o.o1 in. or more) should fall centrally on the upper 
concave mirror. Readjust, if necessary, to insure this coincidence. 

7. Look at the solar image on the first slit through a piece of red 
glass and focus the lens by the screw until a sun-spot or the sun’s 
limb is sharp on a piece of white paper held against the slit jaws. 

Spectrohelioscope.—t. Set the casting that carries the slits and 
grating support with its face vertical and in an east-and-west plane; 
the axis about which the grating rotates* should now be vertical; 
then fasten the casting firmly in place on the pier. 

2. Make certain that the upper slit and the lines of the grating 
are also vertical. 

3. Square up the casting supporting the concave mirrors and 
fasten it to the pier at the point where the distance of the silvered 
faces from the slits, at the middle of their run, is about equal to the 
focal length of the mirrors (about 73 ft.). 

4. Incline the upper concave mirror by its adjusting screws until 
the beam of sunlight is reflected to the center of the grating. 

5. Rotate the grating (unclamped) until the direct reflection (not 
one of the spectra) falls centrally on the lower concave mirror. If 
necessary tip the grating backward or forward in its cell until this 
adjustment is correct. Note that the brightest first-order spectrum 
should now appear on the wall to the right of the mirror. If this is 
not the case, invert the grating in its cell and readjust. 
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6. Adjust the lower concave mirror until a direct (white-light) 
image of the first slit falls exactly on the second or lower slit. 

7. Reduce the intensity of the sunlight by means of a dark glass 
before the first slit and focus the concave mirrors by their screw until 
the image of the first slit, seen through a positive eyepiece focused on 
the widely opened jaws of the second slit, is sharply defined. 

8. Rotate the grating until the deep red of the brightest first- 
order spectrum falls centrally on the lower concave mirror. As the 
grating is rotated the direct reflection and the spectra of the various 
orders should move along a horizontal line. If they do not, incline 
the grating in its cell by the side screws until the spectra move 
horizontally and then check up the other adjustments. 

g. Narrow the first slit to a width of about 0.002 inch. The lines 
of the solar spectrum should now appear through the wide second 
slit. Refocus the concave mirrors (using a positive eyepiece magni- 
fying ten diameters) until the narrowest lines are perfectly sharp on 
the slit jaws. The horizontal lines, caused by dust on the first slit, 
should also be sharp at the same focus. 

to. Rotate the grating with the tangent screw until Ha, the 
broadest single line in the red, falls on the second slit. 

11. Make the width of both the first and second slits 0.004 inch. 

12. Put the plane-parallel glass plate (the line-shifter) in place 
behind the second slit with its face at right angles to the beam, where 
its circle reading should be zero. 

13. Observe the Ha line above and below the second slit through 
the small windows provided for the purpose and bring it into coin- 
cidence with the slit by means of the tangent screw of the grating. 
Rotate the second slit, if necessary, to make it exactly parallel to 
Ha. 

14. If the spectrum is slightly too low or too high, tip the lower 
concave mirror by the fine screw provided for vertical adjustment. 

15. If oscillating slits are used, move the slit-bar slowly by hand 
and see whether the Ha line moves exactly with the second slit. If 
not, raise or lower the spectrum by the fine-adjustment screw on the 
lower concave mirror until line and slit, seen with a 10 X-positive 
eyepiece, move precisely together. After completing these adjust- 
ments and checking them by noting (with widened first slit) whether 
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the beam is still central on both concave mirrors and grating, the 
instrument should be ready for the observation of prominences and 
flocculi. Before observing, however, a small screen (about 1g in. 
high) should be placed between the grating and the concave mirrors 
at such a point as to cut off the scattered sunlight which would other- 
wise be seen if the upper mirror were visible through the second slit. 
A position can be found where the screen will not intercept the beam 
between first slit, upper mirror, grating, lower mirror, and second 
slit. 

16. Set the low power (2X) eyepiece opposite the center of the 
second slit, where the spectra passing through the windows at its 
extremities are not visible, and focus it sharply on the slit jaws. Run 
the motor at such a speed as to give a persistent monochromatic 
image of a portion of the sun about { inch wide, sufficiently free from 
flicker and without troublesome vibration. Turn the line-shifter 
until the Ha line is off the second slit. Move the solar image by the 
slow-motion cords or rods controlling the second mirror of the coe- 
lostat telescope until a sun-spot falls centrally on the first slit. An 
image of the spot in the red light of the continuous spectrum near 
Ha should then be seen through the second slit and eyepiece. Focus 
the lens of the coelostat telescope until the spot appears through the 
eyepiece as black and distinct as possible. Turn the line-shifter back 
to the zero position, which should bring Ha centrally on the second 
slit, thereby reducing the brightness of the solar image, now due to 
the hydrogen light of the solar atmosphere. Dark and bright floc- 
culi, resembling those shown in several of the plates, should become 
visible on the sun’s disk, the various parts of which can be examined 
by moving the solar image. Before studying their details, it is ad- 
vantageous to become thoroughly familiar with the operation of the 
instrument by observing the bright prominences projecting beyond 
the sun’s limb. 

These can be examined by opening both of the oscillating slits to 
a width of 0.005 inch or more, and moving the sun’s image so as to 
bring all parts of the circumference successively into the field of 
view. Select some bright prominence, refocus it as sharply as possi- 
ble by moving the telescope lens with the screw, and turn the line- 
shifter. When the Ha line moves off the second slit the prominence 
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naturally disappears. Many prominences differ so slightly in radial 
velocity in their various parts that they may be equally well seen as 
a whole at any setting not too far from zero to exclude the bright 
central region of the Ha line. The various types of flocculi, the study 
of their structure at various levels, and the analysis of ‘‘motion 
forms” due to marked differences of radial velocity are described 
below. 

Anderson’s rotating prisms.—When Anderson’s rotating prisms 
are used with fixed slits, the Ha line does not oscillate but remains at 
rest, and adjustment (15) becomes unnecessary. Instead, the fol- 
lowing adjustments of the rotating prisms are required: 

1. The two prisms (square in cress-section) are mounted in their 
cells at the ends of a steel shaft turning in bearings attached to a 
brass base plate. Place this in a beam of direct sunlight broad 
enough to cover both prisms. 

2. Rotate the shaft slowly and watch the rectangular areas of 
sunlight as reflected successively from the four faces of one prism on 
a wall at least 10 or 12 feet distant. Mark on the wall the ends of one 
of these rectangles and fit the prism cell until the ends of the four 
rectangular reflections correspond in position, indicating that the 
axis of the prism coincides with the axis of the shaft. (This adjust- 
ment is made once for all by filing or scraping the three-point sup- 
ports against which the prism-cell rests.) 

3. Repeat for the second prism. 

4. As the faces of the two prisms may not yet lie in the same 
plane, watch the rectangular areas and rotate one of the prisms until 
they correspond perfectly. 

5. The first and second (fixed) slits of this form of spectrohelio- 
scope are supported by a box casting, as shown in Plate XIX. Each 
slit is pivoted on a screw, and by releasing two clamping screws 
(from the rear) the slit may be rotated about its center. (The lower 
slit is also provided with another motion for lateral adjustment.) 
Set both slits in a vertical line. 

6. Fasten the base plate carrying the shaft and prisms to the box 
casting, thus bringing one prism in front of each fixed slit. 

7. Place the casting in front of a window, not in direct sunlight, 
with the prisms facing the window. (If the casting is already in posi- 


431 


26 GEORGE E. HALE 


tion on its pier, skylight may be reflected through the prisms with 
the aid of one or two large mirrors.) 

8. Open the slits to a width of about 0.003 inch and look at the 
upper prism through the first slit from the rear. As the prisms are 
slowly rotated, their vertical corners can be seen as dark lines, 
momentarily cutting off part of the light as they pass the slits. If 
these lines are not exactly parallel to the upper slit, rotate this slit as 
described above until the light is cut off throughout its whole length 
at the same instant. Leave the prism in this position. 

g. Look through the second or lower slit, and observe the line 
due to the corners of the lower prism through the small windows 
above and below the slit. If the coincidence is imperfect, move the 
slit laterally, or rotate it slightly until the light is cut off from both 
slits at the same instant when the prisms are turned. 

to. Assuming the box casting, with slits and prisms in adjust- 
ment, in place on its pier, bring the solar image on to the first slit. 
Observe a narrow absorption line close to Ha and notice that it 
makes a small angle with the second slit. Remove about half this 
angle by rotating the first slit and the balance by rotating the second 
slit. Set Ha centrally on the second slit by rotating the grating (the 
line-shifter is assumed to be set at zero). 

Line-shifter.—The line-shifter used on the horizontal spectro- 
helioscope described above is a plate of plane-parallel glass about 
0.06 inch thick, mounted behind the second slit. When Ha is set as 
nearly as possible on the center of the slit by the tangent screw of 
the grating, this glass plate is supposed to stand at right angles to 
the beam from the lower concave mirror; at this point the circle of 
the line-shifter should read zero. In practice, there is usually a slight 
correction to be applied to the zero reading, readily determined as 
follows: 

1. Set the first and second slits at the widths to be used in ob- 
servations with the spectrohelioscope (about 0.003 or 0.004 in. for 
the disk and the brighter prominences beyond the limb, and roughly 
twice this width for fainter, quiescent prominences). Observe the Ha 
line through the small window above the second slit and rotate the 
line-shifter to the right until the most perfect coincidence of the slit 
with the center of the line is seen with an eyepiece or lens magnifying 
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about ten diameters. Note the circle reading. Repeat by rotating to 
the left, again noting the reading. Shift the eyepiece and repeat both 
right and left readings through the lower window. Their mean 
should obviously be practically the same as that for the top of the 
slit if line and slit are parallel. The mean of all four readings gives 
the zero correction for the middle of the slit. (A more precise meth- 
od, not necessary in practice, would be to use a compound micro- 
scope, with filar micrometer, for settings on line and slit.) 


TYPES OF HYDROGEN FLOCCULI 


Before describing in detail the use of the line-shifter for the com- 
parative study of phenomena at various levels in the solar atmos- 
phere and the velocity analysis of moving gases, a brief statement 
regarding the types of hydrogen flocculi rendered visible by the spec- 
trohelioscope may be of service. I have accordingly selected a num- 
ber of spectroheliograms from the large collection of the Mount 
Wilson Observatory, which have been copied by Mr. Ellerman for 
reproduction, usually on a scale large enough to show the charac- 
teristic structure of the fields of force (when present). In this paper 
I shall describe the principal types of flocculi very briefly, but later 
some of their peculiarities will be more fully discussed in the light of 
recent observations with the spectrohelioscope. 

The coarser structure of the hydrogen atmosphere, as revealed on 
spectroheliograms taken with the Ha line, is shown in the small-scale 
photographs reproduced in Plate XII. These represent the 2-inch (52 
- mm) solar image photographed on Mount Wilson with the 13-foot 
spectroheliograph. An auxiliary slit, set on the continuous spectrum 
about 2+ inches (57 mm) from the second slit centered on the Ha 
line, gives a direct image of the photosphere and spots for compari- 
son with the hydrogen image. In most cases the dispersion employed 
is 0.25 mm per angstrom at the Ha line, and, as the second slit is 
generally o.1 mm wide, only the central part of the dark line is used 
for these photographs. 

The term ‘‘flocculi,’’ which is not always used in the same sense 
by writers on astrophysics, should be clearly understood. In 1903 I 
suggested that all objects shown on spectroheliograms of the sun’s 
disk taken with the lines of calcium, hydrogen, or other elements, be 
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called by this name.’ In the present paper this designation is em- 
ployed in harmony with the original definition, which may be quoted 
here for the sake of clearness: 

The term “‘flocculi” is applied indiscriminately to all bright or dark clouds 
of vapor photographed in projection on the sun’s disc, without distinction of 
level. In other words, a flocculus may be a mass of vapor in the reversing layer, 
or in the chromosphere, or in a prominence. For this reason we shall speak of 
calcium flocculi, hydrogen flocculi, etc.? 

The determination of level is not always an easy task, and conse- 
quently a general term was adopted. 

The flocculi photographed with the central part of the Ha line 
are both bright and dark, as represented in Plate XII and other photo- 
graphs. Bright flocculi are usually found in the spot zones, and are 
brightest and most conspicuous near the sun’s limb and in the im- 
mediate vicinity of sun-spots (Plates XX, XXIa, and XXII). 
Quiescent bright flocculi, which change slowly in form, coincide ap- 
proximately with the faculae and with the low-level bright flocculi 
photographed with the calcium lines H, or K,. Differences in form 
are partly due to the absorptive effects of overlying dark flocculi. 
Active bright flocculi, which are often far brighter than the quiescent 
ones, change rapidly in form and intensity. They usually appear 
suddenly, close to active sun-spots, and sometimes become ex- 
tremely brilliant and spread over large areas. These will be referred 
to later in a discussion of the use of the spectrohelioscope for the 
study of the relationship between solar and terrestrial phenomena. 

Dark hydrogen flocculi are found on all parts of the disk, not 
merely in the sun-spot zones but often close to the poles. The more 
conspicuous ones are usually greatly elongated and have been called 
by Deslandres “filaments.” Most of. these represent or are closely 
associated with prominences, seen in projection on the disk as dark 
absorbing areas (Plate XXIIa, b, c). Objects of this type generally 
change slowly in form unless they fall within the range of action of 
the fields of force, where they may often be seen with the spectro- 
helioscope as they are rapidly drawn into the vortices surrounding 
sun-spots. 


* Hale and Ellerman, Publications of the Yerkes Observatory, 3, Part I, 14, 1903; 
Astrophysical Journal, 19, 42, 1904. 


? Hale and Ellerman, Astrophysical Journal, 19, 42, 1904. 
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PLATE XX 


Bright and dark hydrogen flocculi. Enlarged from a small-scale spectroheliogram taken by Lewis 
Humason on February 17. 1926. 


PLATE XXI 


a.—Bright and dark hydrogen flocculi. From a spectroheliogram taken by A. H. Joy on July r1 
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b.—Dark hydrogen flocculus, appearing as a prominence where it projects beyond the limb. 


From a spectroheliogram taken by S. B. Nicholson on June 16, 1916. 
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PLATE XXII 


a, b, c.—Hydrogen flocculi photographed on three successive days. From spectroheliograms taken 
by A. H. Joy on June 27, 28, and 30, 1916. 


d.—Structure of hydrogen flocculi near large bipolar sun-spot group of August 30, 1924. From a 
spectroheliogram by Lewis Humason. 
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Active as well as quiescent dark flocculi are frequently observed, 
as would be expected from our knowledge of eruptive prominences. 
Many of them fail to appear as a whole on spectroheliograms because 
of their great radial velocity, which may displace parts of the Ha line 
to red or violet by an angstrom or more, and thus throw them off the 
second slit. Such flocculi are easily observed, however, with the spec- 
trohelioscope and line-shifter, especially in association with active 
bright flocculi, from which they often rise as jets and arches. They 
sometimes develop suddenly near sun-spots, where their behavior 
gives valuable information regarding the nature of the fields of force. 

It should be noted here that the distinction between bright and 
dark flocculi is somewhat arbitrary, as some flocculi that appear 
dark near the center of the sun would probably appear bright near 
the limb. Moreover, the hydrogen rising from bright flocculi often 
turns dark at a higher level. 

The most interesting and perhaps the most significant structure 
in the solar atmosphere is that shown by the configuration of the 
dark hydrogen flocculi near sun-spots (Plates XXIId, XXIITa, and 
XXIV). When this structure was first detected on Mount Wilson in 
1908 I ascribed it to the stream lines of extensive hydrodynamical 
vortices,’ but subsequently Stérmer investigated the hypothesis that 
it represented the lines of force of the magnetic fields in sun-spots.? 
The study of certain details of this structure with the spectrohelio- 
scope is described below (p. 441). 


HYDROGEN FLOCCULI AT VARIOUS LEVELS 


The foregoing remarks apply to flocculi as shown by the spectro- 
heliograph or spectrohelioscope with the second slit set centrally on 
the Ha line. It was long ago recognized, however, both by Deslan- 
dres and myself, that cross-sections of the solar atmosphere at 
various levels may be photographed by setting the second slit of the 
spectroheliograph at different distances from the center of the cal- 
cium and hydrogen lines. This conclusion has been fully confirmed 
by the work of Adams, Evershed, St. John, and others, and recently 


1 Mt. Wilson Contr., No. 26; Astrophysical Journal, 28, 100, 1908. 
2 Mt. Wilson Contr., No. 109; Astrophysical Journal, 43,347, 1916. 
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by Unséld? on the basis of modern physical theory, in which the old 
conception of pressures of several atmospheres, increasing with the 
depth, has been abandoned. Very high dispersion, as pointed out in 
1903, and subsequently applied with admirable results by Des- 
landres and D’Azambuja,’ is needed to isolate completely the H; or 
K, lines of calcium, which record the high-level dark calcium flocculi 
shown for the first time, with less contrast, on photographs taken 
with the lower dispersion of the Rumford spectroheliograph at the 
Yerkes Observatory. 

The method described in the foregoing papers is illustrated in 
Plate XXIII0, c, d, e, f, which reproduces a series of photographs of 
the same region of the sun taken by my assistant, Mr. Hitchcock, 
with the 13-foot spectroheliograph of my Solar Laboratory in Pasa- 
dena on August 29, 1929. This instrument, which is described below 
(p. 449), is similar optically to the spectrohelioscope used in con- 
junction with it. Like the spectrohelioscope, it is provided with a 
line-shifter, and as the photographs were taken at settings of o 
(Ha central on the second slit), —6, —10, —16, and —21, the struc- 
ture shown at the decreasing levels is just what one would observe 
visually with the spectrohelioscope if its line-shifter (assuming the 
glass plate to be of the same thickness in both cases) were set at the 
same circle readings. As the flocculi in question were of the quiescent 
type, characterized by slow changes in form and small radial veloci- 
ties, this illustration will serve to indicate the differences of structure, 
due chiefly to differences in level, which are very unlike those ob- 
served in active regions, marked by varying forms and high veloci- 
ties, changing rapidly with time and from point to point at any 
given instant. 

In cases of this kind, where the movements in the solar atmos- 
phere are too gradual to produce important modifications of struc- 
ture during the intervals involved, the spectroheliograph has the ad- 
vantage of giving a permanent record for preservation and study. It 
often happens, however, that a far quicker and more flexible mode 


* Mt. Wilson Contr., No. 378; Astrophysical Journal, 69, 275, 1920. 


?Hale and Ellerman, Yerkes Observatory Publications, 3, Part I, 17-10, 1903; 
Astrophysical Journal, 19, 48, 1904. 


3 Annales de l’ Observatoire de Meudon, 4, 1910. 
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PLATE XXIII 


a.—Structure of hydrogen flocculi near sun-spots. From a spectroheliogram taken by Ferdinand 
Ellerman on January 5, 1917. 


b (o, center of Ha) c (—6) d (—10) e (—16) f (—20) 


b, c, d, e, f—Same region of sun, as photographed by Hitchcock at center of a (b) and at increas- 
ing distances toward the violet on August 29, 1929. 
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of comparison is necessary to assure the recognition of phenomena 
otherwise certain to be overlooked or misinterpreted. The total ex- 
posure time for the five photographs reproduced in Plate XXIII was 
25 minutes, making no allowance for the intervening instrumental 
adjustments.t With the spectrohelioscope the solar atmosphere at all 
of these levels and other intermediate ones, from the photosphere to 
the highest region attained by hydrogen, can be rapidly passed in 
review by a single quick turn of the line-shifter. Moreover, its ad- 
justable stops permit the structure corresponding to any two levels 
to be instantly compared with the well-known precision of the Zeiss 
“blink”’-micrometer and stereocomparator. By this method, or (less 
completely) by the use of two second slits (p. 425), we have the 
simplest and quickest means of detecting the relationship of the 
flocculi at any level to neighboring sun-spots. 

I need not dwell at present on the structure of the flocculi at dif- 
ferent heights, as this will appear more clearly in subsequent descrip- 
tions of particular cases. 


ANALYSIS OF “MOTION FORMS” 


The term “motion forms” is due to Lockyer, who first observed 
the distortion of the hydrogen lines in prominences and near sun- 
spots in 1869. His paper? and its addendum describe and illustrate 
reversed lines on the disk, the distortion of the #8 (F) ina prominence 
caused by cyclonic motion, and the varying appearances of this line 
in the following part of a long train of spots. In some places it dis- 
appeared entirely, or appeared as a bright line, at times greatly 
widened toward red and violet (“lozenges’’), again widening only on 
one side, again as a widened bright line bounded on its red side by a 
dark line. Such distortions, which may assume fantastic shapes in 
striking contrast with the customary straight lines characteristic of 
a narrow slit, Lockyer named “motion forms.”” Symmetrical widen- 
ing (“lozenges”) he attributed to increased pressure, while the ir- 
regular displacements were ascribed to motion of the gas toward or 
from the earth. Even at this late date in solar spectroscopy, when 

« Faster plates (giving less contrast) are now available. 


2 Proceedings of the Royal Society, 17, 415, 1869. Reprinted in Lockyer’s Contribu- 
tions to Solar Physics, p. 488, where quotations on this subject from the papers of 
Young, Secchi, Rayet, Respighi, and others may also be found. 
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applying the new principles of modern physics, it is well worth while 
to re-read these early observations and those of Young, Secchi, 
Respighi, Rayet, Tacchini, Vogel, Zéllner, and others who took part 
in the spirited discussions of the period. 

The introduction of photographic methods of recording solar 
spectroscopic phenomena was attended by many great advantages 
and some disadvantages. Rutherfurd and Rowland concentrated 
their attention on the spectrum of sunlight as a whole and made no 
attempt to deal with such localized phenomena as spots, faculae, or 
prominences. When these were attacked photographically in the 
early nineties, the new work absorbed so much time and attention 
that visual observations were somewhat neglected by those involved 
in it. Fortunately, however, the visual record of prominences and 
certain other solar phenomena has been maintained unbroken by 
observers in many countries. There is thus a large amount of liter- 
ature open to those whose interest in the sun has recently been 
stimulated by advances in physics and chemistry. 

The chief disadvantage of photography is that one proceeds 
more or less mechanically, making exposures without sufficient 
knowledge of the appearance of the flocculi at the moment, their 
exact position on the sun, or the critical periods of intense activity 
that characterize the most interesting phenomena. In work with the 
spectrograph, even if the slit is first set visually exactly at the points 
where line distortions are seen, their rapid changes in form, small 
size, and the effect of bad seeing in rendering them diffuse or causing 
them to oscillate across or along the slit may prevent the correct 
registration of their radial velocities. Some drawings by Young, 
showing the variation in form of the distorted Ha line within a few 
minutes at the western edge of the penumbra of a large spot on 
September 22, 1870", indicate their rapid changes. But the best way 
to convince one’s self of the value of the spectrohelioscope in analyz- 
ing such phenomena is to observe them simultaneously with this 
instrument and with a spectroscope, the narrow slit of which is set at 
the same position on the sun. The method I employ for this purpose 
is described on page 451. 


* Journal of the Franklin Institute, 60, 338, 1870. Reproduced in Lockyer’s Solar 
Physics, Fig. 173, p. 600. 
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I am not attempting to prove that the spectrohelioscope can 
take the place of the spectrograph, which gives measures of higher 
precision of such small line displacements as those due, for example, 
to the comparatively slow ascent or descent of gases in the solar 
atmosphere; nor does it compete with the velocity spectrograph, in 
the kind of work for which the latter is best adapted. The true func- 
tion of the spectrohelioscope is to supplement these instruments, and 
also the spectroheliograph, not only by revealing many phenomena 
that would otherwise escape detection, but especially by the method 
of velocity analysis described below. 

A motion form observed by myself in the great sun-spot group of 
February, 1892, shortly after the first photographs of calcium 
flocculi had been made with the Kenwood spectroheliograph, will 
serve to illustrate my meaning. The drawing reproduced in my 
paper shows a curved branch of Ha, extending toward the red and 
then bending downward to meet the dark absorption band caused by 
one of the spots of the group. It lasted only a few minutes, and I 
inferred that I was observing a varying mass of absorbing hydrogen, 
one extremity of which showed zero radial velocity while the other 
was moving rapidly downward toward the spot.* But I had no ade- 
quate means of determining its form or of studying its changes, both 
of which a spectrohelioscope would have supplied. Contrast this 
with some observations made with the latter instrument on August 
Ge G26; 

While examining the vortex structure associated with the large 
spot group then near the central meridian of the sun I noticed among 
other phenomena two slender, curved flocculi, both of which changed 
in appearance as the line-shifter was rocked back and forth. As the 
light in which they were observed varied in wave-length, the result- 
ing effect was a shift of the position of maximum intensity along the 
curved flocculi. In fact, their dark heads were seen to advance to- 
ward the spot as the Ha line moved across the second slit from its 
center toward the red. At a slit position completely outside of Ha 
the curved flocculi had disappeared, but their extremities, like small 
black dots, were still visible, projected against the outer boundary of 

* Hale, Astronomy and Astrophysics, 11, 314, 1892; Crew, ibid., p. 309. 
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the penumbra. Another slender flocculus south of the preceding spot 
behaved in the same way. 

Before giving the quantitative visual analysis of these effects, 
completed a few minutes later, let us consider how phenomena of 
this kind could be detected and interpreted in other ways. The spot 
in question was the preceding member of a bipolar group (Mount 
Wilson No. 2656) at 18° south latitude, then about 4° east of the 
central meridian. The 75-foot spectrograph of the 150-foot tower 
telescope on Mount Wilson showed it to be of north magnetic polar- 
ity, with a field strength on that day of 2800 gausses. The following 
spot was of south polarity, with a field strength of 2500 gausses. A 
direct photograph of the group was taken on Mount Wilson the 
same morning with the 60-foot tower telescope. From this, of course, 
no knowledge regarding the phenomena in the hydrogen atmosphere 
about the group could be derived, but it was useful in making the 
drawing (Plate XXIVb) showing the outline of the spots. 

Two methods of observation other than the use of the spectro- 
helioscope might be employed in studying the flocculi associated 
with these spots. A series of photographs of the spectrum, taken at 
various points in the group, might register certain small projections 
from the Ha line, of varying form and length, in case the slit hap- 
pened to lie in the right positions across the curved flocculi and also 
provided these slender objects were of sufficient width and intensity 
to appear on the negative, under the conditions imposed by the size 
of solar image, effects of vibration due to wind or other mechanical 
disturbances, the quality of the atmosphere, and the linear dispersion 
employed. Even if clearly registered, the measurement and inter- 
pretation of these motion forms would be a slow and tedious 
process. 

On the other hand, a spectroheliograph might be employed to 
reveal the flocculi. My own spectroheliograph in Pasadena was not 
then ready for use, but I am fortunately able to give an enlargement 
of a photograph of the group (Plate XXIVa) made the same morning 
by Ellerman with the 13-foot spectroheliograph of the 60-foot tower 
telescope, which shows the curved flocculi and other structure in the 
hydrogen atmosphere. The slit was set at the center of Ha, but if 
Ellerman had known what phenomena were in progress and the posi- 
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a.—Hydrogen flocculi surrounding the southern bipolar spot-group, Mt. Wilson 
No. 2656. Both vortices showed clockwise inflow, as illustrated for the preceding spot 
in (b). From a spectroheliogram taken by Ellerman on August 15, 1926. 
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b.—Acceleration of the radial velocity of the inflowing hydrogen, shown by the 
line-shifter of the spectrohelioscope. 
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tions of the second slit required to register them, he might have ob- 
tained photographs of the effects described below; assuming, of 
course, that the demands of the various other solar observations of 
the daily program gave him time to do so. As it is, the spectrohelio- 
gram is of great value in showing the general structure of the field 
of force surrounding the spot group much more completely and ac- 
curately than I could have drawn it. The photograph also suggests 
the fact, proved beyond question by the spectrohelioscope, that the 
curved flocculi adjoining two spots marked by intense magnetic 
fields of opposite polarity both showed clockwise inflow—a point of 
prime importance in the interpretation of the nature of the forces in 
operation. 

We may now turn to my visual work with the spectrohelioscope, 
in which the beautiful details of the Ha flocculi were clearly seen, in 
spite of the fact that the atmospheric conditions in Pasadena were 
decidedly inferior to those a mile above me on Mount Wilson. One 
of these details, the curved flocculus shown in the sketch (Plate 
XXIVb), which was more intense than the others in the same region, 
was selected for observation. When the circle of the line-shifter in- 
dicated a radial velocity of +22 km/sec., only the outer part of the 
flocculus (A in Plate XXIVb) was visible. As the line was displaced 
farther to the violet, the flocculus seemed to move from A to B, the 
portion B corresponding to a velocity of +45 km/sec. When the 
second slit was about 1.1 A to the red of the center of Ha, cor- 
responding to a velocity of about +50 km/sec., nothing remained 
visible of the flocculus except the black dot C, which was precisely on 
the edge of the penumbra. At still greater displacements the dot 
faded away and finally disappeared. The apparent advance of the 
flocculus toward the spot and the disappearance of all but the head 
were observed as often as the Ha line was moved across the second 
slit from violet toward red. 

It is interesting to note the accelerating radial velocities indi- 
cated by the successive slit positions, increasing from 22 km/sec. at 
a distance of 56,000 km from the center of the spot (A) to 45 km/sec. 
at a distance of 36,000 km (B) to about 50 km/sec. for a distance of 
20,000 km, corresponding to the dot marking the inner extremity of 
the flocculus exactly on the outer edge of the penumbra (C). These 
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values are not of the highest precision, but they cannot be far from 
the truth. 

We at once recall the flow of prominences toward sun-spots,* as 
photographed in elevation at the sun’s limb by Slocum with the 
Rumford spectroheliograph. Another series of calcium spectrohelio- 
grams of the prominences surrounding a large spot at the sun’s limb 
on October 8, rgr1o, is also reproduced in his article on “The Attrac- 
tion of Sun-Spots for Prominences.’? Slocum directs attention to 
three bright knots on a long streamer, which gave velocities along 
the apparent trajectory of 16, 20, and 60 km/sec. at distances of 
170,000, 130,000, and 75,000 km from the center of attraction. 
Pettit, who remeasured these plates, got velocities of 5, 8, and 44 
km/sec., respectively. From these and other measures Pettit con- 
cludes: ‘Normally the matter about the spot is moving into it with 
accelerated velocities averaging about 35 km per second, sometimes 
reaching too km per second.”’ Both Slocum and Pettit found that 
jets may be projected away from a spot at similar velocities, but 
Pettit’ does not consider them to represent the normal condition. 
Evershed, on the contrary, in discussing his Kodaikanal observa- 
tions of prominences, says: ‘‘No case has been found in which promi- 
nences were falling into sun-spots, but the reverse has several times 
been observed.’’* The difficulties involved are sufficiently indicated 
by these differences in opinion among experienced observers, but 
fortunately most of them are removed by the spectrohelioscope, in 
so far as the determination of the direction of flow and the radial 
velocity are concerned. 

It is evident, however, that the observed radial velocity must de- 
pend upon the actual velocity along the true trajectory and the angle 
between this trajectory and the line of sight. If the trajectory is 


‘It should be clearly understood, however, that Slocum’s photographs represent 
three successive stages in the inflow of the tip of a prominence, whereas in the case il- 
lustrated in Plate XXIV the tip had already reached a point above the edge of the 
penumbra before the observations were begun. With a rather wide second slit, nearly 
the whole length of this curved flocculus (A—C) could be recorded in a single photo- 
graph, as shown in Plate XXIVb. 

2 Astrophysical Journal, 36, 265, 1912. 

3 Publications of the Yerkes Observatory, 3, Part IV, 1925. 


4 Memoirs of the Kodaikanal Observatory, 1, Part II, 106, 1917. 
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parallel to the solar surface, and the spot, as in the present case, is 
near the center of the sun, there will be no displacement of Ha, and 
the entire flocculus will be visible when the second slit of the spectro- 
helioscope is set on the center of the line. Judged from the charac- 
teristic forms of prominences at the sun’s limb, this is usually the 
condition of affairs at a considerable distance from a spot, though it 
often happens that at such a point the hydrogen is rising rapidly 
from below, thus producing a marked displacement of Ha toward 
the violet when observed near the center of the sun. Nearer the spot, 
as the prominences at the limb discussed by Slocum and Pettit indi- 
cate, the trajectory makes an angle with the sun’s surface ranging 
from small values up to 45° or even more. At the limb, the projection 
of the trajectory is often nearly a straight line over a great part of 
its length, and the increase in the radial component of the velocity 
observed on the disk as the spot is approached is probably due chiefly 
to the acceleration found by Slocum and Pettit. Sometimes, how- 
ever, their limb photographs show that the tip of the inflowing 
prominence turns down close to the spot, and in spectrohelioscopic 
observations made near the center of the disk this might account in 
such cases for an increase in the radial component of the velocity at 
this point, without a corresponding increase in the acceleration along 
the trajectory. 

The curved flocculus shown in Plate XXIV probably represents a 
prominence of moderate height projected against the disk. If we as- 
sume the trajectory to make an angle of 30° with the sun’s surface, 
the corresponding velocities along the trajectory would be 44 
km/sec. for the outer part of the flocculus (A), 90 km/sec. for the 
central part (B), and about 100 km/sec. for the tip (C). 

The observation of August 15, 1926, proved to be typical, and it 
has been repeated in scores of cases, many of which will be described 
in detail in a later paper, where the bearing of these results on the 
work of St. John, Evershed, Fényi, Slocum, Pettit, and others will 
be discussed. In the present article I wish merely to make clear this 
new method of observation, in which the visibility of an object 
emitting approximately monochromatic light depends upon its radial 
velocity. The method evidently affords a valuable means of analysis, 
not merely of the hydrogen whirls but also of other important phe- 
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nomena of the solar atmosphere. Noteworthy among these are the 
eruptive dark arches often seen with the spectrohelioscope. The fol- 
lowing observation will suffice to show their nature. 

On May 31, 1926, while observing spot No. 2571 (8° S., 20° E.) 
with the spectrohelioscope, I noticed a curious dark arch following 
the spot. The preceding end of this arch, which was seen when the 
second slit was on the violet side of Ha, seemed to rise from a small 
bright flocculus a short distance east of the spot. The central part of 
the arch, farther to the east, appeared when the slit was near the 
center of Ha, but its eastern extremity, where it seemed to curve 
back toward the surface of the sun, did not become visible until the 
slit was well beyond the boundary of Ha toward the red. Obviously 
we have here a dark arched prominence, rising with high velocity 
from a bright source near the sun-spot, pursuing a curved trajectory, 
the central part of which was nearly normal to the line of sight, and 
falling with high velocity at a point well to the east of its origin. 

Since that date I have observed many of these arches and fol- 
lowed them across the disk until they were seen as high looped promi- 
nences projecting beyond the limb. They usually change rapidly in 
form and intensity but may be frequently renewed, sometimes from 
one point, again from another. In a bipolar spot-group three or four 
may often be seen at once, rising from a region of bright flocculi 
(such as that shown between the spots in Plate XXIVa) and falling at 
a distance, sometimes on the penumbra of one of the spots, some- 
times elsewhere. When the radial velocities are high and the oscillat- 
ing slits narrow, only a short section of an arch may be visible at a 
given position of the second slit on Ha. To show the whole arch, the 
line-shifter must be employed. As the line moves across the slit from 
violet to red, the maximum of intensity may be seen rising from the 
source of the ascending branch, passing along the trajectory, and 
running down the descending branch, which often seems to termi- 
nate in a rather definite dark head. The effect is of course different 
in different parts of the sun, because it depends upon the angle be- 
tween the true trajectory and the line of sight. The appearance of 
such arches at the limb is illustrated in drawings by Young and 
others, and in many spectroheliograms. These looped prominences 


444 


THE SPECTROHELIOSCOPE AND ITS WORK 39 


often appear intensely bright, even with the narrow slits of the spec- 
trohelioscope employed for observations of the disk. 

Another type of flocculus best observed with the spectrohelio- 
scope is that which appears suddenly as a dark mass near large spots, 
often those of the bipolar type. If the spot group is near the center 
of the sun, the radial component of the ascending gas may be so 
great as to displace the hydrogen line an angstrom or more to the 
violet, thus completely excluding such flocculi from spectrohelio- 
grams taken with the second slit set at the normal position of Ha. 
As the line-shifter is turned from red to violet, these eruptive masses 
may be picked up visually and then watched as they are sucked to- 
ward the spots. I have observed very striking examples of this kind, 
which appeared about midway between the principal members of a 
bipolar group, at a considerable distance to one side of the line join- 
ing them. It is a fascinating sight to follow the disintegration of the 
flocculus and to trace the paths of its fragments as they are drawn 
asunder toward the two attracting centers. Some cases of this kind 
will be described in a later paper. 

These applications of the spectrohelioscope will suffice to illus- 
trate its advantages over the spectroheliograph when rapidly moving 
objects are under examination. Although I long ago recognized cer- 
tain arches among the Ha flocculi on spectroheliograms, and studied 
them by stereoscopic and other means in 1925, I could only suppose, 
but not prove, that the “bar magnet”’ structure of the fields of force 
might be due in part to them. In this study I made use of a series of 
spectroheliograms taken simultaneously with the second slit set on 
the red and violet sides of Ha, and inferred that their differences 
might be caused by motion of the gas along the arch. More can be 
learned in a few minutes, however, from such visual observations as 
I have just cited than from the comparison of many spectrohelio- 
grams, unless these are taken with the spectrohelioscope as a guide. 

A word of caution regarding the use of the line-shifter for the 
study of moving gases should be added. In general, the chief crite- 
rion for distinguishing between effects due to differences in level and 
differences in velocity lies in comparing the structure and intensity 
of the flocculi on the red and violet sides of Ha. If at equal distances 
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from the center of the line they differ materially, the asymmetry is 
probably due chiefly to the radial velocity of the gas, though other 
possible causes of asymmetry should not be forgotten. The most use- 
ful velocity effects are those of the progressive character just de- 
scribed, where the maximum of intensity runs along a flocculus, 
usually of the slender, curved type. It should be carefully noted in 
such cases, however, whether the observed displacement of the maxi- 
mum of intensity with change of wave-length advances progressively 
from violet to red or whether, as occasionally happens, certain 
parts of a flocculus show maxima on both sides of Ha. The latter 
phenomenon is sometimes seen in (dark) eruptive flocculi, character- 
ized by great widening of Ha and by strengthening of its outer 
wings. Some cases of this sort will be described in a later paper. 


ZEEMAN AND STARK EFFECTS 


Imagine a Zeeman triplet, observed in the spectrum of a spark 
between the poles of a magnet. Along the lines of force only the two 
outer components of the triplet, circularly polarized in opposite 
directions, are visible. A quarter-wave plate and nicol, when prop- 
erly adjusted, will quench either component. If the observation is 
made with a spectrohelioscope, an image of the spark will be seen in 
the light of the transmitted component, assuming it to be set on the 
second slit. If the quarter-wave plate is steadily rotated, this image 
will alternately appear and disappear. 

It would be easy to devise a spectrohelioscope having a single 
first slit and two synchronous second slits that could be set at any 
reasonable separation in the spectrum. In this way the relative be- 
havior in various parts of a spark or arc of the components of any two 
lines could be observed simultaneously with the aid of suitable polar- 
izing apparatus and a compound eyepiece, bringing the monochro- 
matic images due to the two lines into opposite halves of the same 
field of view. Various modifications of the arrangement, adapted for 
use at any angle with the lines of force, will suggest themselves to the 
reader. It is possible that such a substitution of a polarized image of 
the spark, visual or photographic, for the narrow spectral lines ordi- 
narily observed, would assist in detecting slight variations of relative 
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intensity otherwise likely to be overlooked. The same device might 
also be used, especially with a Lo Surdo tube, in certain laboratory 
studies of the Stark effect. 

I am in doubt whether this method, even if applied with very 
high dispersion, can be used in the study of the magnetic fields of 
sun-spots or the general magnetic field of the sun.* In the former 
case, the general absorption in the spot and the weakness of the field 
just outside the penumbra and also in invisible spots may prevent 
tangible results. The weakness of the general magnetic field of the 
sun is also a serious obstacle. Moreover, the faintness of grating 
spectra of the highest dispersion, the comparatively low dispersion of 
prisms in the red, and the large scale of the solar image required 
stand in the way of success. 

On the working hypothesis that appreciable electric fields, ordi- 
narily too weak for detection in the solar atmosphere, might con- 
ceivably occur during certain stages of violent eruptive phenomena, 
I have frequently searched for them with the spectrohelioscope in 
active prominences and eruptive bright and dark flocculi. Assuming 
the electric field to be radial, the flocculi were usually observed near 
the sun’s limb, with a nicol and half-wave plate, supported before 
the first slit. Sometimes a circular half-wave plate, rotated at any 
desired speed by an electric motor, was employed. In other cases I 
used a compound half-wave plate, made of narrow strips of mica. By 
moving this back and forth across the flocculus very slight differ- 
ences in intensity could have been detected. The line-shifter was set 
so as to bring one of the outer edges of the greatly widened Ha line 
upon the second slit. 

While I have never been able to detect any differences of in- 
tensity clearly due to polarization effects, I believe that more ob- 
servations should be made in this way. The phenomena of asym- 
metry in Ha recently pointed out by Stark should also be borne in 
mind in these and other observations of the flocculi with the line- 
shifter. 

It is evident that a spectrohelioscope with oscillating slits, rather 
than one having fixed slits with rotating prisms before them, should 


t Hale, Mt. Wilson Communication, No. 97; National Academy of Sciences Proceed- 
ings, 12, 286, 1926. 
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be employed in work of this kind, and that the polarization produced 
by the grating should not be overlooked. 


COMBINATION OF SPECTROGRAPH, SPECTROHELIOGRAPH, 
AND SPECTROHELIOSCOPE 


A spectrohelioscope could easily be adapted to the photography 
of limited areas of the solar atmosphere; in fact, we have built and 
tested a special camera attachment for this purpose. But without 
the finest conditions of seeing and perfect fixity of the solar image 
during exposures, the results are inferior to those obtainable with a 
spectroheliograph, which also covers a much larger field. From the 
visual observations just cited, however, it is evident that a spectro- 
helioscope can be advantageously used as a guide to photography 
with a spectrograph or a spectroheliograph, as it reveals the position 
on the sun of the most interesting phenomena, the moments of active 
and significant changes, and the wave-lengths at which the second 
slit of the spectroheliograph must be set to record portions of flocculi 
or prominences moving with high radial velocities. I have therefore 
combined the two instruments in my Solar Laboratory, where the 
spectrohelioscope may also be used in conjunction with spectro- 
graphs of from 13 to 75 feet focal length. 

The sunlight reflected from the 17-inch coelostat mirror to the 
second mirror (also of 173-in. aperture) at the summit of the low 
tower of my Solar Laboratory is sent vertically downward to the 
mirrors or lenses used to form solar images of diameters ranging from 
2 to 163 inches. In simultaneous work with the spectrograph or spec- 
troheliograph and the spectrohelioscope the greater part of this beam 
falls on the large concave mirror on the left in Plate X XV, which is 
from a drawing by Porter of the combined instruments at the head 
of the 75-foot spectrograph well in the basement beneath the tower. 
This mirror returns the now converging rays to a convex mirror of 
fused quartz, which again reflects them downward to form a large 
solar image on the first slit of the spectrograph or spectroheliograph. 
Another portion of the same parallel beam is deflected by two plane 
mirrors in the tower to a single 6-inch lens of 18 feet focal length, 
which forms a 2-inch solar image on the first slit of the spectrohelio- 
scope. The adjustments are such that when a given point on the 
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larger image is central on the slit of the spectrograph the same point 
on the smaller image is centered in the field of the spectrohelioscope. 
This adjustment remains good for all parts of the sun, because both 
images are moved at the same angular rate by the electric motors 
that control the position of the second mirror of the coelostat tele- 
scope." 

As arranged in Plate XXV, the spectroheliograph is merely a re- 
flecting spectrograph of 13 feet focal length, with a right-angle prism 
mounted above its fixed first slit (G,, beneath the prism), while its 
second slit (G,) is also fixed in position during an exposure. The mo- 
tion of the photographic plate across the second slit is produced by 
means of a screw driven by an electric motor (on a separate pier), 
while a lever (not shown in the drawing) connected with the plate- 
carriage moves the right-angle prism across the first slit at half the 
speed of the plate. This is a simple and effective device, giving Ha 
spectroheliograms of excellent contrast. In the present arrangement 
I have purposely restricted the area photographed to 142 inches, 
though it can easily be increased to include a larger field. This is un- 
necessary in my case, because of the spectroheliographs in use daily 
for this purpose on Mount Wilson, and the fact that most of my 
present photographic records are confined to limited regions of a 
33-inch solar image given by a mirror system not mentioned above. 

The oscillating slits (S;, S.) of the spectrohelioscope, with their 
driving mechanism, are seen at the right of the spectroheliograph 
slits (G,, G.). The eyepiece? used for observing the spectrohelioscope 
image is in place above the second slit (S.), and the dials of the two 
line-shifters (Z;, L.) are also shown below. A microscope with mi- 
crometer eyepiece is used for setting the spectroheliograph slit G, on 
the center of Ha, after which the line-shifter L, of the spectroheliograph 
is employed in harmony with the indications regarding the most 
suitable wave-lengths afforded by the visual use of the spectrohelio- 
scope and the line-shifter Z,. The control board for the electric slow 

t This precise correspondence of the two solar images is required only in the simul- 
taneous use of the spectrograph and spectrohelioscope, as described on p. 451. It is of 
course affected by the introduction of the moving right-angle prism of the spectro- 
heliograph. 

2 A periscopic eyepiece, permitting the observer to look horizontally while sitting in 
a chair, will also be available. . 
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motions appears at the left, while the long plate-holder for photo- 
graphing spectra of high dispersion with the 75-foot (Littrow) spec- 
trograph is shown beyond the slits. 

As for the optical arrangements within the well, only a brief de- 
scription is needed here to supplement Porter’s admirable drawings 
(Plates XXVI and XXVII). The slits, gratings, and line-shifter of 
the spectroheliograph are indicated from below in Plate XXVI, which 
shows the skeleton tube of the 75-foot spectrograph descending to- 
ward the bottom of the well from the 5-foot circular casting at the 
top. The solar rays diverging from the first slits meet the concave 
mirrors of 13 feet focal length (Plate XX VII), which render them 
parallel and return them to two plane gratings mounted below the 
circular casting (Plate XX VI). These send the Ha region back to the 
second pair of concave mirrors shown in Plate XX VII, which form 
images of the a line on the second slits of the spectroheliograph and 
spectrohelioscope, respectively, after passing through the parallel 
glass plates of the two line-shifters, only one of which is shown in 
Plate XX VI. 

The spectroheliograph mirrors can be easily moved out of the 
way when it is desired to use greater linear dispersion. A pair of 
similar mirrors of 30 feet focal length,can be employed at a lower 
level in their stead, or the light from the first slit can be sent to the 
6-inch lens of 75 feet focal length, with large grating below it at the 
bottom of the well, which is chiefly used for the study of sun-spot 
spectra and the general magnetic field of the sun. The spectrohelio- 
scope with its 2-inch solar image is also adapted for use in conjunc- 
tion with this high dispersion spectrograph, for which a convex mir- 
ror in the tower above provides a solar image 163 inches in diameter. 
Thus this combined equipment gives solar images and dispersions 
corresponding with those obtained on Mount Wilson with both the 
60- and 150-foot tower telescopes, with the added facilities of the 
spectrohelioscope and the provision of a 33-inch solar image, ordi- 
narily preferable in Pasadena to a 6.7-inch solar image for photog- 
raphy with the spectroheliograph. 

An independent spectrohelioscope, of the horizontal type de- 
scribed in the first part of this article, may also be used as a guide in 
work with a spectroheliograph. The advantage of my combined ar- 


450 


PLATE XXVI 


NTS 


pD INSTRUME 


VE 


ComBr 


KELETON TUBE OF 


AND S 


, 


Ss 


Ss, GRATING 


SLIT 


N FROM BELOW 


SEE 


PLATE XXVII 


MIRROR COVER 


| gee a | 


! Focusine SCrme 


te a LY . ; . 
ROHELIOGRAPH 
ND : Ny 2OHE 
en's ‘S A > MIRROR 


fab Saino 


CTROHELIOGRAPH 
MIRROR 


CONCAVE Mrrrors OF SPECTROHELIOGRAPH AND SPECTROHELIOSCOPE 


THE SPECTROHELIOSCOPE AND ITS WORK 45 


rangement appears in cases where it is desirable to bring a small 
region in the hydrogen atmosphere, otherwise invisible, exactly upon 
the fixed slit of a spectrograph; or, vice versa, to bring such an object 
as an invisible sun-spot, betrayed by visual observations of the os- 
cillating Zeeman effect in the 75-foot spectrograph, into the center of 
the field of view of the spectrohelioscope, in order to learn whether 
the hydrogen at any level is appreciably affected above the magnetic 
field. 

A word may be added regarding a compound eyepiece, not shown 
in the illustration, by means of which the (fixed) distorted Ha line 
can be observed in half the field of view, while the other half shows 
the spectrohelioscope image of the same region. In this way the 
motion forms can be directly compared with the effects given by 
rotating the line-shifter. 


SOLAR ERUPTIONS AND TERRESTRIAL PHENOMENA 


In July, 1892, a brilliant eruption associated with a large sun- 
spot, followed the next day by an intense terrestrial magnetic storm, 
was photographed with the Kenwood spectroheliograph.* Since that 
time I have continued to hope that similar methods might permit 
the detection of all such eruptions and the determination of their 
exact relationship with auroras, magnetic storms, and other ter- 
restrial phenomena. At present the spectroheliographs in England, 
France, Spain, Italy, India, and the United States serve this purpose 
in part, and a number of similar eruptions, also followed by magnetic 
storms, have been photographed at the Yerkes, Mount Wilson, 
Meudon, and Kodaikanal Observatories.? The large unfilled gaps in 
longitude and the impossibility of taking photographs at sufficiently 
short intervals nevertheless leave the solar record very incomplete, 
and further steps must be taken to amplify it. 

On January 24, 1926, while testing my first spectrohelioscope 
between 11>40™ and 12"15™ P.S.T., I observed a bright eruption in 
and following the great spot-group then visible (latitude about 22° 
N.). Its form changed rapidly, and Ha was so much distorted in 

t Hale, Astronomy and Astrophysics, 11, 611, 1892. Illustrated in my subsequent 
paper (ibid., p. 917). 

2 Fox and Abetti, Astrophysical Journal, 29, 40, 1909; D’Azambuja and Grenat, 
L’ Astronomie, 40, 489, 1926, and papers by Royds and Nicholson. ~ 
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places that the rapidly descending dark flocculi could be seen when 
the second slit was displaced far beyond the line toward the red. On 
January 25 the eruption, then extraordinarily brilliant, continued 
throughout the morning and most of the afternoon. The sodium 
lines D, and D, and the helium line D; were brightly reversed in 
the large spot. At certain points following the spot, D; appeared 
dark and greatly distorted toward the red. The next morning the 
great eruption seemed to be over, but at noon a small bright eruption 
was seen for a few minutes on the edge of the bridge in the large spot. 
On January 27 another small and short-lived eruption was seen near 
the large spot. Subsequently I learned from Professor St6rmer that 
he observed at Oslo on the evening of January 26 the brightest (red) 
aurora he had seen for years. On January 26 the most intense mag- 
netic disturbance in five years was recorded at the Royal Observa- 
tory, Greenwich. According to a note in Nature for February 6, “the 
disturbance commenced at 163 h., rose to a considerable maximum, 
and subsided soon after 5 h. on the following morning.’ 

This observation, made while the spectrohelioscope was still in 
the experimental stage, convinced me of the importance of devising 
such inexpensive instruments as I have described in this paper, and 
arranging, if possible, for their co-operative use at widely distributed 
stations. At least seventeen of these instruments will soon be in oper- 
ation, including two or more in England, one in Italy, one in Syria, 
one in Australia, one in New Zealand, one in Samoa, three in Cali- 
fornia, one in South Dakota, one in Michigan, one in Wisconsin, one 
in Illinois, two in Ohio, and one in New York. Several other spectro- 
helioscopes will also be installed at intermediate longitudes in the 
near future, and I therefore hope that within a short time a satisfac- 
tory scheme of observations may be in progress. 

The spectrohelioscope is especially suited for this work because of 
the brief time needed to examine the whole disk of the sun and to 
detect signs of activity calling for vigilance on the part of the ob- 
server. Not only astronomers, physicists, and geophysicists, but also 
students of radio can advantageously join in our co-operative under- 
taking, because of the relationship that may exist between solar 


* Hale, Mt. Wilson Communication, No. 97; National Academy of Sciences Proceed- 
tgs, 12, 286, 1926. 
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outbursts and radio transmission. The task of each observer will be 
a simple one. He will merely be asked to examine the sun several 
times a day, if possible at certain hours dependent upon his longi- 
tude, and to note the approximate position, area, and brightness of 
any exceptionally bright flocculi. 

Several other applications of the spectrohelioscope have been 
mentioned in previous articles,’ including its use in connection with 
the classification of sun-spots, the study of the relationship between 
prominences and flocculi, and the investigation of the fields of force 
in the atmosphere of the sun. These will be discussed more fully in 
the detailed account of my visual observations of the hydrogen 
flocculi which will form the subject of a later paper. 

In connection with the designing of the instruments described in 
this paper I owe my thanks to Messrs. Pease and Nichols, by whom 
most of the working drawings were prepared, and to Mr. L. R. 
Hitchcock, who has made many alterations and improvements and 
assisted me in the observations. I am also indebted to the members 
of the staff of the Mount Wilson Observatory who made the spectro- 
heliograms, and to Mr. Russell W. Porter for the perspective draw- 
ings reproduced among the illustrations. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILSON OBSERVATORY 
October 1929 


t See Hale, ibid., and Nature, 119, 708, 1927. 
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THE UNIT CHARACTER OF MULTIPLETS 
By CHARLES E. ST. JOHN 


ABSTRACT 

1. Unit character of multiplets —Nine strong Fe multiplets in the violet with a range 
of line intensity within the multiplet of 2-40 give a red shift of +o.o104 A for strong 
and +0.o100 A for weak lines; 4 of medium strength with a range of line intensity of 
1-6 give +0.0077 A for strong and +-0.0074 for weak; 8 in the red with a range of line 
intensity of 1-9 give +0.0089 for strong and +-0.0087 for weak lines. In a total of 154 
lines 73 strong lines give +-0.0094 A and 81 weak lines +-0.0092 A. Lines on the main 
diagonal of the multiplet diagrams are taken as strong, on the side diagonals as weak. 

2. The calculation of theoretical intensities, the calibration of the Rowland scale 
of intensities, the deduction of the number of atoms per square centimeter from line 
contours, and the equal red shift for the lines ina multiplet, whatever their intensity, 
imply in the sun definite layers of maximum absorption. 

3. Heights from flash spectra.—Lines of mean intensity 6.5 in multiplets of maxi- 
mum intensity 20-40 are higher by 400 km than lines of the same intensity in multiplets 
of maximum intensity 6-7, but owing to photographic errors are er somewhat 
lower than the strongest lines in the multiplet. 

Introduction—It has been the practice in discussions of solar 
phenomena varying with line intensity, such as height, excitation 
potential, and solar rotation, to consider the intensities of individual 
lines in looking for correlations. It was thought that the absorbing 
layers of strong lines only were at great heights above the photo- 
sphere. Recent theories of the formation of absorption lines and 
their application to the quantitative determination of the consti- 
tuents of the solar atmosphere seem to call for a reconsideration of 
the older view. The large number of normal Fe multiplets identified 
in the Rowland Revision* and the new and accurate wave-lengths? of 
the Fe lines in the vacuum arc furnish a body of data suitable for the 
purpose. It has been assembled and discussed in the present paper. 

Red shift and line intensity —The data for the strong Fe multi- 
plets with maximum line intensity 1o-40 and with low excitation 
potentials are assembled in section A of Table I. All measured lines 
are used, and the division between strong and weak lines within the 
multiplet is made by taking the lines on the main diagonal in the 
multiplet diagram as strong and those on the side diagonals as weak. 


t Publications of the Carnegie Institution of Washington, No. 396; Papers of the 
Mount Wilson Observatory, 3, 1928. 


2 Burns and Walters, Publications of Allegheny Observatory, 6, 11, 1929. 
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The principles of selection are illustrated in the accompanying dia- 
gram where the lines on the main (left) diagonal form distinctly the 
stronger group. The lines on the weaker of the two side diagonals 
are not considered; \ 3940, because it is a blend with Co; d 3917, 
because of the strong companion 0.06 A to the red; and \ 3898 for 
similar reasons. Although the average intensity of the lines on the 
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main diagonal is 14.6 and on the side diagonal 7, the mean red dis- 
placement for the two groups of lines is the same. Nine strong and 4 
weak multiplets in the violet and to of the strongest in the red have 
been treated in the same manner. The results are given in sections 
A, B, and C of Table I. The precision with which this like red dis- 
placement holds for lines of widely different intensities in multiplets 
is indicated by the fact that in a total of 154 lines 73 strong lines give 
Ad = 0.0094 and 81 weak lines give A\=0.0092 A, respectively. 

Theoretical grounds.—The theoretical calculation of the relative 
intensity of any line in a multiplet is based upon the quantum num- 
bers for all the lines in the multiplet and upon the correspondence 
principle. In calculating line intensities by the sum rule it must be 
applied, according to Ornstein and Burger,’ to the squared ampli- 
tudes of “fictive radiators” which are assumed to represent or to be 

1 Zeitschrift fiir Physik, 40, 412, 1926. 
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proportional to the number of atoms concerned in the production of 
the lines. This assumption was used by Russell, Adams, and Moore" 
in the calibration of the Rowland scale of intensities. 

In Unséld’s method? of deducing the number of atoms from line 
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1Mt. Wilson Contr., No. 358; Astrophysical Journal 68, 1, 1928. 
2 Zeitschrift fiir Physik, 44, 793, 1927; 46, 765, 1928. 
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contours, it is assumed that in a close doublet or triplet the “oscil- 
lating power,” f, gives the proportion of atoms involved in a given 
transition and that the equal numbers N obtained for the individual 
lines represent the total number of atoms over one per square centi- 
meter concerned in producing the lines of the multiplet. 

These assumptions have no evident raison @’étre unless they refer 
to the same body of absorbing material, and the observed equal red 
displacement for all lines in a multiplet puts the underlying assump- 
tions upon a definite observational basis. 

For the 9 strong multiplets (Table I, section A) the mean red 
shifts for lines ranging in solar intensity from 2 to 4o are equal. 
Since all the lines in a multiplet, whatever their intensities, give 
equal red displacements, it appears that the large red displacements 
characteristic of strong lines are not due, as sometimes stated, to an 
“intensity equation,’ according to which one measures strong and 
weak lines differently. 

Data for multiplets in which the maximum line intensity is 6 are 
given in section B of Table I. The spectral region is approximately 
the same as for section A. The mean red displacements for lines in 
these multiplets, ranging in solar intensity from 1 to 6, are also equal, 
but definitely smaller than those of section A. Thus the lines of in- 
tensity 6 in section A give a mean for the group of 0.0102 A, while 
lines of the same intensity in section B give a mean of 0.0077 A. We 
can therefore no longer speak of the red shift of a line of intensity 40, 
ro, or 6 per se, but only of the lines in a 4o-multiplet, a 10-multiplet, 
or a 6-multiplet where 40, 10, and 6 are the maximum intensities in 
the separate multiplets. 

Heights from flash spectra.—It has been the practice to group the 
heights of all lines of the same solar intensity and to assume that 
the mean 1s the height reached by the corresponding gaseous layers 
in the sun’s atmosphere, for example, for lines of intensity 6. It is 
evident from sections A and B of Table I that lines of intensity 6 in 
a 40-multiplet show larger red displacements than lines of intensity 
6 in a 6-multiplet, and that the 6’s in a 4o-multiplet have a much 
lower excitation potential than the 6’s in a 6-multiplet. Do the for- 
mer also originate in a higher layer? The question is answered by 
the data in Table II. 
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TABLE If 


Heicuts ror Lines oF LIKE INTENSITY IN MULTIPLETS 
OF DIFFERENT STRENGTHS 


I 2 3 4 5 6 7 | 8 


On Maryn DIAGONAL 


MULTIPLET IN LINE Int. An HEIGHT Pint 
MULTIPLET Height in 
i Km 


A. Lines of Intensity 6-7 in Strong Multiplets 


7 DBO cn ety sche 8.8 I125 

3745 .912 6 TO) 028] s ann arene | a. skaane ee | etc 

aSD—asD°.... 20 3824.454 6 9.0 TOOO wll <taeran ae eames 
3878. 583 Ff 9.0 1200 Leo IIgO 

3895 .669 7 II.o DOOO UN gare ate osx s ners sees 

ask—bsD°.... 25 3865 ..535 7 Ons paveveg lll lnGere's tte [S.A chy eeS.c 
3872.506 6 8.5 700 10.5 1250 

3887 .061 a Sas OOO ol einis woscsi|aaeretacsiate 

3940.892 5 rte OOO | eevarana: soda veces 
a3F —b3F° 30 4005. 256 7 10.5 800 Tins 950 
IKONS aaa le pereee Coys 3839 .537 6.5 10.2 850 10.4 II0o 


B. Lines of Intensity 6-7 in Medium Multiplets 


asD —asF° 40 3733-332 


aSF°—x3G.... 7 3710.452 7 8.0 400 fae 450 
asP —asSD°... 6 3807 .546 6 6.0 500 8.5 500 
a3G —a3H®... 6 3956.688 6 Deol dara: Soa ieeaaeners 
asP —cSP°.... 6 3074. 766 6 6.0 500 2.7 550 
3077 752 6 OPS ere ota al ho) pense oct cere 
asD°—bSF.... 6 4736.783 6 8.0 400 SO Wa eee 
ING, ced ea erie 3878 .330 6.2 fel 450 8.0 500 
C. Lines of Intensity 3-5 in Strong Multiplets 
a3F —b3D° 15 3888. 526 5 TOO; sleek 10.3 850 
asf —bsD° 25 3940. 892 i £r.5 600 10.0 1250 
as —bsF° 40 3727 .636 4 TALS 500 10.0 1000 
ask —a3G° I5 4147.677 4 6.0 400 TIE 750 
a3F —b3D° 15 3966 .075 3 10.0 500 10.3 850 
BVLCEINS ewe Peeves She io Nl siece se 6 ea ars 4 4.2 10.4 500 10.3 1175 
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TABLE Il—Continued 


I 2 3 4 5 6 7 8 
On Marin DIAGONAL 
Max. Int. 

MULTIPLET IN LINE Int. AX HEIGHT é te 
MULTIPLET aX Height in 

Km 

D. Lines of Intensity 3-5 in Weak Multiplets 

asF°—csD.... 5 4084. 503 5 10.0 400 8.5 400 

b3P —d3D°... 5 4134.687 5 8.0 500 7.5 480 

b3F —c3F°.... 4 3779 -433 Aa ere erst BOOT. | teen 500 

b3P —b3P°.... 4 4154.507 4 6.0 500 6.7 500 

b3F —b3G°... 3 4011 .416 3 6.0 350 ne 350 

IVLGANS sy Siectearensreis | axes orerate Awe Thos 430 70 465 


The first and second columns of Table II give the multiplet and 
its maximum intensity; the third and fourth, the individual lines and 
their intensity; the fifth and sixth, the displacement to the red and 
the heights for the lines considered; and the seventh and eighth, like 
data for the lines on the main diagonal. Sections A and B supply one 
set of comparisons and sections C and D a second set. The mean 
intensity of the lines considered in the first set is 6.4 and in the second 
4.2. The spectral regions are approximateély the same. 

Lines in strong multiplets.—Since the lines in a multiplet originate 
in the same absorbing layer, the images on flash-spectrum plates are 
images of the same crescent but made by radiations of widely dif- 
ferent intensities. The densities of the images depend upon the 
strength of the lines and upon the sensibility and threshold value of 
the photographic plate. The heights of the weak lines estimated 
from these images will be too low; the deficit for them should in- 
crease with increased difference of intensity between the weak and 
strong lines, and for lines of relative intensity 3-40 it should be 
larger. The observations show that the lines of mean intensities 6.5 
and 4.2 in multiplets of strength 15-40 have heights of 850 and 500 
km, respectively, while for lines on the mean diagonal the height is 
~ 1100 km. The red displacement is, however, the same for all. 

Lines in weak and strong multiplets —Since the absorbing layers 
for strong multiplets are higher than for weak multiplets, the heights 
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for lines of the same solar intensity measured on flash-spectrum 
plates should on the whole be greater for the strong multiplets. The 
observations in the third and fourth columns of the summary of 
Table II show just this, and not only this, but also that the red dis- 
placement for high ( 1100 km) absorbing layers is larger than for 
low (& 500 km) layers; namely, 0.0103 and 0.0076 A in the mean. 


SUMMARY OF DATA IN TABLE TI 


I 2 3 4 5 
Lines CoMPARED Lines or Mar Diac. 
amar INT. | srrencTH 
SET CoMPARED OF 
ipasae MULTIPLET AX Height in AX Height in 
A Km A Km 
: 6.5 20-40 0.0102 850 ©.O0104 IIO0O 
SIPING sisi po neisere oes ace Gin 6-7 “0077 450 eee 500 
3 Ane 15-40 .OI104 500 .O103 175 
EEL VCORDRC I oR eR CoC oe 3-5 0.0075 430 0.007 465 


The results for lines of equal solar intensity show that intensity 
is not the sole cause controlling height in flash spectra, as lines of the 
same intensity in strong and weak multiplets give heights of 850 
and 450, and 500 and 430 km, respectively, the difference being due 
to the different elevations of the absorbing layers. 

Envoy.—The unit character of multiplets places correlations de- 
pending on line intensity upon a new basis and suggests a review of 
former findings. This has been done for the observations on the out- 
flow from spots™ and for the data on red displacement and rela- 
tivity.? In both cases the results are more consistent and the con- 
clusions strengthened. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WILson OBSERVATORY 
November 1929 
t Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 322, 1913. 
2 Mt. Wilson Conir., No. 348; Astrophysical Journal, 67, 195, 1928. 
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EXCITATION POTENTIAL IN SOLAR PHENOMENA 
By CHARLES E. ST. JOHN 


ABSTRACT 


1. Excifation potential fixes the relative heights of the effective absorbing layers 
above the photosphere. High values of excitation potential require the stronger fields 
of excitation obtaining near the photosphere in order to excite the needed number of 
atoms to the energy-levels of absorption (Table I). 

2. Low heights above the photosphere of absorbing layers for multiplets with high 
excitation potential are shown by correlating excitation potential with outflow from spots, 
heights from flash spectra, red displacement, and line intensity, in graphs 1, 2, 3 of 
Figure 1. 

3. The absorbing layers for intersystem lines of a given excitation potential are 
nearer the photosphere than those for normal lines of the same excitation potential 
(Table V). The low transition probability for intersystem lines requires the greater 
abundance of atoms obtaining at the higher pressure near the photosphere. 

4. Excitation potential determines (1) the possibility and relative probability of the 
occurrence of a line in the sun’s spectrum; (2) the relative heights of absorbing layers 
above the photosphere; (3) in connection with transition probability, the maximum line 
intensity in a multiplet; and (4) the temperature classification (Table VI). 

5. Small changes in the energy-level of the higher term are associated with profound 
changes in the character of the lines and furnish the basis for a fundamental classifica- 
tion (Table VII). 


Introduction.—The importance of excitation potential in showing 
the relative heights above the photosphere of the absorbing layers 
in which different Fraunhofer lines originate was noted by the writer 
in Mount Wilson Contribution No. 348.t The conclusion (Abstract) 
was that any one of five methods may be used to allocate the relative 
levels of origin: (1) solar rotation, (2) Evershed effect, (3) flash 
spectra, (4) excitation potential, (5) deviations from relativity pre- 
dictions. In the paragraph on titanium the subject was further dis- 
cussed. At that time the relation between heights and excitation 
potential was obtained by forming groups of lines of the same solar 
intensity and comparing their heights with the corresponding excita- 
tion potential. In Contribution No. 389? it was shown that the multi- 
plet acts as a unit, that the lines in a given multiplet have important 
characteristics in common, among them equal displacements to the 
red, whatever the line intensities may be. 


t Astrophysical Journal, 67, 195, 1928. 2 Thid., 70, 312, 1920. 
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Accordingly, in the present paper the multiplet is treated as the 
unit. The basic data are the red displacement, \ sun minus X vac., 
the velocity of outflow from spots, and the heights in the reversing 
layer obtained from flash spectra for the normal multiplets of 
neutral iron. These define the characteristics of the individual 
multiplets with which the excitation potentials in the Rowland Re- 
vision® are compared. A multiplet will be designated as a 30-multi- 
plet, a 6-multiplet, etc., the numerals giving the maximum line 
intensity in the multiplet. 

Height of absorbing layers —Eddington in a paper on “The For- 
mation of Absorption Lines’” finds that the lines giving the lowest 
emergent radiation, the blacker lines, refer to absorbing layers at 
the least optical depth, and that the weaker lines are to be referred 
to layers at greater depths; for example, for moderately strong lines, 
Tt & 0.16, and for weak lines, 7 Y 0.58. Data showing the height 
of absorbing layers above the photosphere are presented in Table I. 

The multiplets and their spectral regions are given in the first 
column of Table I. The line intensity, number of lines, \ sun minus 
 vac., Evershed effect, height, and excitation potential are shown 
in the second, third, fourth, fifth, sixth, and seventh columns, re- 
spectively. The data in the fourth, fifth, and sixth columns indi- 
cate relative heights above the photosphere. 

It has long been recognized that the red displacement of solar 
absorption lines is greater for lines originating in the upper levels 
of the sun’s atmosphere. The fourth column shows that the red 
displacement for lines in the first section of the table is o.o112 A, 
while for lines of like intensity and wave-length the red displacement 
as shown in the second section of the table is o.cog2 A. The velocity 
of horizontal outflow from sun-spots for lines in the reversing layer 
increases with depth, in this case from 0.42 to 0.84 km/sec., as shown 
in the fifth column. The sixth column shows the height of the re- 
versing layer for the two groups of lines from measures of their 
reversals in the flash spectrum. These all march with excitation 
potential in such a way as to indicate that lines due to transi- 

* Publications of the Carnegie Institution of Washington, No. 396; Papers of the 
Mount Wilson Observatory, 3, 1928. 

2 Monthly Notices, 89, 627-629, 1929. 
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tions from high energy-levels originate in low layers of the sun’s 
atmosphere. 

Excitation potential depends upon the configuration of the 
electrons in the atom and not upon the position of the atom. The 


TABLE I 


CoRRELATION OF EXCITATION POTENTIAL, RED SHIFT, 
OUTFLOW FROM Spots, AND HEIGHT 


(AX=A sun minus d vac.; unit=o.oor A) 


5 Evershed ARE ae 
Multiplet, Region Into Line) 72 | 4k | Eee | OEP, 
A. Pressure Class a 

i D5 Dn ae ree ee 4 I TACO eee 500 1.007 

G20 ——S8OO mae sc cee as 5 4 TOSO- |e emcee 450 0.988 

6 3 SBE A a Ne eahcrene 570 -975 

7 2 RE aN ae tee has 650 .932 

8 2 1 Ae | Dee eee 500 0.933 

Means and totals... 6 12 Ir.2 |o.42 out Bae 0.967 

B. Pressure Class d 

AS DS) DS a oho oe 3 3 Fei eerie 315 3.242 

R208 S303. a vain e a 4 eB QrOry kireesn» 375 3.260 

5 2 SG ae lee es ee 375 3.246 

6 3 QitO tele ieee ta oe 300 3.260 

4 I 1 alae oe ate cdc Writs, Ae oRD 3.199 

AS Grgeany OL ts ts oe eo 5 2 TEOwe | Sete ct 425 4.324 

BROT —= SAGA be. eicuicienes 6 3 TT oF) Woe 350 4.375 

ASG (WY) oc dese a oe 5 I thle hetee aestos 300 4.294 
FARO AIN cre cits { ass 2 ae chs 

aSG°—(vy)........00. 6 I TT4 Olmert 400 4.302 
sO Sem Pee eh cakes 

Means and totals... 5 17 g.2 |0.84 out 350 Bu752 


* Mitchell, Astrophysical Journal, 38, 407, 1913. 


magnitudes in the fourth, fifth, and sixth columns change with exci- 
tation potential, and are to be regarded as functions of the excita- 
tion potential, which is the fundamental physical characteristic. 
According to current views, equal line intensities imply equal 
numbers of atoms in the respective excited states. To attain ap- 
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proximate equality between the 8-multiplet (Table I, A; E.P. 0.967) 
and the multiplets 5-7, the lines having mean excitation potential 
3.752 volts must originate where the field of excitation is stronger— 
that is, nearer the photosphere, hence in a deeper-lying portion of 
the reversing layer. This is shown by the summarized data taken 
from the fourth to the seventh columns of Table I and given in 
Table II. 

This view is in harmony with findings in the furnace.’ Lines of 
class a (low E.P.) appear at the lowest temperature, and lines of 
class d (high E.P.) only at the highest temperature, if at all. The 
enhanced lines of high ionization potential are quenched by adding 


TABLE II 
SUMMARY 
4 5 6 7 
SECTION : 
A Sun es d Vac. ee Height in Km Excitation Potential 
be ae 0.0112 Vel.=0.42 575 0.967 
1) ey aa ee ed 0.0092 Vel.=0.84 350 20752 


to the furnace an element, such as caesium, of the lowest-known 
ionization potential. In the sun and in the furnace, the atoms which 
are activated by the least energy appropriate the major portion of 
the available supply. 

Excitation Potential and Line Intensity—The inverse relation 
between excitation potential and height of the absorbing layers 
above the photosphere for multiplets of various strengths appears 
with distinctness from the correlation between excitation and line 
intensity. The mean excitation potentials for multiplets of different 
strengths, such as a 5-multiplet, a 4-multiplet, etc., are plotted as 
ordinates and the line intensities as abscissae in graph 1, Figure r. 
The highest excitation potential corresponds to the weakest lines. 
Lines of intensity —1 and —2 appear at heights of 250 km in flash 
spectra, and lines of intensity —3 rise so slightly above the photo- 
sphere that they do not show at all. 

* King, Mt. Wilson Contr., No. 66; Astrophysical Journal, 37, 234, 1913; Mt. Wilson 
Contr., No. 233; Astrophysical Journal, 55, 380, 1922. 
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Excitation potential and outflow from spots—The relation of 
excitation to spectral region and to outflow from spots shows again 
how it acts as an index of the relative levels of the absorbing layers. 


GRAPH 3 
E.P. AND OUTFLOW FROM SPOTS 
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OUTFLOW FROM SPOTS 
IN KM/SEC 
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Fic. 1.—Conditions determined by excitation potential 


The data are given in Table III. The numbers in the first column 
are the intensities of the strongest line in the multiplet, and in the 
second column the mean excitation potential from all multiplets of 
a given intensity. The third and fourth columns contain in the 
upper line the mean excitation potential for the two spectral regions, 
and in the lower line the corresponding velocities of outflow from 
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spots in km/sec. The fifth and sixth columns give the excitation 
potentials for the even and odd terms. 

An absorption line can be produced only when the atom is al- 
ready excited to the lower energy state of the transition which 
produces the line. The excitation potentials of the first column are 
divided into energy-levels for the even and odd states. For each in- 


TABLE III 


EXCITATION POTENTIAL, SPECTRAL REGION, OUTFLOW 
FROM SPOTS, EVEN AND Opp TERMS 


I 2 3 4 5 6 : 7 


E.P. to E.P. to 


Int. of M Violet of \} Red of X Even Odd P P 
Multiplet EP. ee and sees and Terms Terms Winds in the Sun 
Outflow Outflow 
ER OV she * 0.83 0.83 |Nolines} 0.83 None | 200 km/hour at height 
ONDA ML ceeestet es | sere metttste | ataseerereees of 1100 km 
St ee ener 2.80 2.35 3.40 2.47 4.20 | 100 km/hour at height 
0.9 ce Sie Bl Prarie vices roel tole ther ote of 650 km 
okie Cis 2.65 3.89 2.91 BeOT, 
sete} Ee) eh asteace me 3 | toenateteters 
ends etisotin 3.03 aha hy 3.61 22OG mn teed pueL 
Lak AG Sk |eervevetdstenc | eso er 
Aare Owe eat 3.29 2.68 3.90 oye ais 4.36 
ree 1h | merce sel ecm eats 
Di roreresis een 3.43 3520 4,22 Py, 18) A it) 
ret 5 Owe | otras aie |e er 
Shore ore 3.60 Satr 4.42 2078 4.15 | Photosphere 
a8 Ay) TO ee Pl Atay tr | Centre 


tensity group the excitation potential of even terms is the lower, 
which accounts for the predominance of absorption lines in the solar 
spectrum from even energy-levels. The seventh column gives the 
east-wind velocity at two levels. 

The third and fourth columns show that the excitation potential 
increases to a striking degree in passing from the violet to the red, 
and also that this increase keeps step with the velocity of outflow 
from spots. As this velocity increases with decrease of height above 
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the photosphere, the higher excitation potential in the red means 
lower level for the absorbing layers in the red. 

In my original paper’ on outflow from sun-spots it appeared that 
the velocity of outflow for lines of solar intensity 6, 5, 4, etc., in the 
red was approximately o.4 km/sec. greater than for lines of the same 
intensity in the violet, and the difference was interpreted as evi- 
dence that the corresponding absorbing layers corresponding to the 
red lines were nearer the photosphere. The average change in 
velocity per Rowland unit of intensity was o.2 km/sec. The average 
increase in velocity of outflow on passing from the violet to the red, 


TABLE IV 


EXCITATION POTENTIAL AN INDEX OF HEIGHT 


Max. Int. Max. Int. Max. Int. Max. Int. Max. Int. Max. Int. 
6-7 5 3 2 


Ht. in Ht. in, Ht. in Ht. in Ht. in Ht. in 
1 DAES, an E.P. Km E.P. a EP; ia EP. Mari E.P. | Xin 


OOO! LL70! |) 2,04 550 | 2.46 sehen \Wohaeury 465 | 2.47 390 | 2.44] 388 
©.96..| 980 | 3.80 400 | 3.80 380 | 4.18 390 | 4.13 365 | 4.21] 338 
LB OHDs cl] sted Rah INS coeeeuee| [SMES ecH Reet acer |e Scene faerie Pasmeryecera (enero Ruairi Net cars| (en rs 


column 4 minus column 3, is 0.4 km/sec., which means, as before, 
that a line of intensity 6 in the red is at the level of a line of intensity 
4 in the violet. The effect is too large to be attributed to changes 
in the Rowland scale of intensities.” 

The positive correlation coefficient between excitation potential 
and velocity of outflow from spots is shown by graph 3 in Figure 1, 
where the abscissae are volts and the ordinates are velocities of out- 
flow. High excitation potential means, then, low heights for the 
absorbing layers and should show a negative correlation coefficient 
with heights above the photosphere. 

Excitation potential an index of height—The data in Table IV 
were obtained by dividing the excitation potentials for each multiplet 
group into low and high groups and taking the corresponding heights 
from flash spectra. 


t Mt. Wilson Contr., No. 69; Astrophysical Journal, 37, 322, 1913. 
2 Russell, Adams, and Moore, Mt. Wilson Contr., No. 358; Astrophysical Journal, 
68, 1, 1928. 
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Graph 2 in Figure 1, besides showing a negative correlation 
between excitation potential and heights, brings to light somewhat 
surprising differences in distribution of Fe absorbing layers. The 
discontinuity between sections A and B is real and was foreshadowed 
by the gap at the high-intensity end of the graph in Figure 1. Three 
energy-levels only are represented by Fe lines at great heights above 
the photosphere: aSD, aSF, and a3F with the excitation potentials 
0.06, 0.96, and 1.54 volts. All the multiplets’ represented in this high 
layer originate in these three energy-levels, the total number of 
lines being 88. All others of the 3157 lines identified with normal 
iron in the Rowland Revision are found below this level. The dis- 
continuity between sections A and B, graph 2, Figure 1, implies 
a region in the sun’s atmosphere, about 300 km in extent, in which 
no lines due to neutral iron originate. With the present data it is 
probably pushing the interpretation too far to take seriously the re- 
sult that a difference of 1 volt in excitation potential means a differ- 
ence in level of 40 km. 

The heights for multiplets of a given excitation potential may 
be approximately obtained from section B, graph 2. For example, 
there are six strong multiplets with excitation potentials of 2.19- 
3.60 volts and of strengths 7-10. If these are arranged in groups of 
three with mean excitation potentials 2.75 and 3.0, the heights ac- 
cording to the graph are 490 and 450 km; as observed, they are 453 
and 425 km. 

Intersystem combinations.—Up to this point only normal multi- 
plets of neutral iron have been considered. The conclusion is that 
high excitation potential indicates low level of the absorbing layer. 
Intersystem combinations may be compared with normal combina- 
tions by the data in Table V. The first column gives the excitation 
potential; the third, the line intensity; the fifth, sixth, and seventh, 
the velocity of outflow from spots, the height from flash spectra, 
and the pressure in the sun’s atmosphere. Sections A and B give the 
data for intersystem and normal combinations having the same ener- 
gy-level. The fourth, fifth, and sixth columns give criteria for level. 
These show that the absorbing layer for the intersystem lines is far 


‘Included in the spectral region to the red of \ 3585 remeasured for the Rowland 
Revision, 
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below that for normal lines. Intersystem combinations mimic nor- 
mal combinations having higher excitation potentials. For example, 


TABLE V 
INTERSYSTEM AND NORMAL COMBINATIONS 


(\ sun minus \ vac.=A); unit=o.oor A) 


I 2 3 4 5 6 7 
a Outfiow - 
ae fox Lines Intensity Ar from Spots ng P estas 
A. Intersystem Combinations 
a5D —a7P° 
OR OS err fiscre: ate bie 4206. 704 3 GO {OUNleenaeetee BOO |e eine ae 
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OTRO ete de aire alta vei 4291.475 2 9.0 1.08 SOOw = ooo ee 
asSD —a7F° 
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Siok ind ence aaa 3930.310 8 TE O: Wereued aces LOOO a |e aerate se 
On Oy2 pen ance ts 3889 .182 One II.9 Oy II75 z10—§ 


the intersystem lines with excitation potential 0.058 given in the 
second column of Table V behave like normal lines with excitation 
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3 volts (graphs 1-3, Fig. 1). The transition probability in intersys- 
tem combinations is low, as shown by the relative intensity 1-3 for 
the lines in the second column of sections A and B. The transition 
probability being low, the production of lines of intensity 5-6 re- 
quires that large numbers of atoms be at disposal. These are 
supplied by the relatively high pressure at the lower level indicated 
in the seventh column. 

Effects depending upon energy-level.—Changes in energy-level are 
concerned in a number of observations that at first sight do not 


TABLE VI 


Factors Frxep BY ENERGY-LEVEL 


PRESSURE CLASS 
LEVEL OF 
LINES EE. MULTIPLET 
Hich Term E< Energy-Level <E2 
of Higher Term 
Z{ovelepp Kev hy aarerarye: 0.110 asD,;—asD¢ 3.269 2.432<Class a<4.012 
S000 62704 er: 1.478 ak —bF; 4.588 4.012<Class b<5.123 
BOOT @dO3 ees hee 2.176 aiG,— ass 5.802 5.123< Class d<6.790 
BATS TOO cn eer 4.354 asG,—54W; 6.632 6.605<Class e<6.790 


seem to be intimately related to them, but of which they are the 
vera causa. Energy-level serves as a kind of “barometer”; when it 
changes, other effects follow which may be regarded as functions of 
it. The second, fourth, and fifth columns of Table VI give essential 
data, namely, excitation potential, energy-level of the high term, 
and pressure class. 

A. Excitation potential determines: 

t. The probability of the occurrence of a line in the sun’s 
spectrum. The lower the excitation potential the higher the proba- 
bility. For Fe lines the range in excitation potential is from 0.000 
to 5.064. 

2. The position of the absorbing layer: 


E.P. Height in Km 
0.00 Siriano a eee IIO0O—I 200 
Ts 54 cess ore ieee eee eee 850- 950 
PY SN Sameer ety RS HPA IKE 450- 500 
Lixo, t) Aaa iS COS.S hy 250 


EXCITATION POTENTIAL IN SOLAR PHENOMENA es 


3. In combination with transition probability, the maximum in- 
tensity in the multiplet: 


E.P. Maximum Intensity 
OL OU Sere sep eee Svea tee eat 4O - 
MS Abr vate eal A cin tetera ortega cae eres 30 

Phely file ete PRA oN, EONAR inte omer 8 

E1G0 (OY. Mlb ries Oey ER Eee 2 


4. The temperature class, which changes by 1 unit for a change 
of 0.72 volt in excitation potential.7 

B. The energy-level of the higher terms in the combination de- 
termines the pressure class, a function of the electronic configuration 
in the atom in the higher energy state. The four pressure classes are 
as sharply differentiated as the energy states and include all Fe lines 
identified in multiplets. Classes a, 6, and d were proposed by Gale 
and Adams? from the pressure coefficients; class e, by St. John and 
Miss Ware? from its negative pole effect. Their connection with the 
energy-level of the higher term was recently established by Bab- 
cock.4 Data showing the significance of changes in the high-level 
term are given in the third, fifth, and sixth columns in Table VII. 

Small changes in excitation potential have comparatively little 
effect, but small changes in the energy-level of the higher terms may 
completely alter the character of the spectral lines. Lines \ 5065 
and \ 5090 are produced by transitions from the same lower term 
bSF; to levels of 6.675 and 6.662 volts, respectively. By this change 
of 0.013 volt the character of the line is reversed. Line \ 5065 is 
asymmetrical to the violet and shorter at the pole of the arc than 
in the center; line X 5090 is asymmetrical to the red and longer at 
the pole of the arc. One temperature class represents a fifty-fold 
greater change in excitation potential. The pressure classification 
apparently depends upon profound changes in the atom, and by this 
criterion it is fundamental. 

Conclusion.—Five indices of relative levels of the absorbing 
layers in the sun’s atmosphere have been considered. All agree in 


1 Mt. Wilson Contr., No. 350; Astrophysical Journal, 67, 259, 1928. 
2 Mt. Wilson Contr., No. 58; Astrophysical Journal, 35, 10, 1912. 
3 Mt. Wilson Conir., No. 61; Astrophysical Journal, 36, 14, 1912. 
4 Mt. Wilson Conir., No. 350; Astrophysical Journal, 67, 240, 1928. 
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the order of levels. In historical sequence they are heights from 
flash spectra, solar rotation, outflow from spots, red displacement of 
Fraunhofer lines, and excitation potential. In order of precision, be- 
cause of its exact determination, excitation potential comes first; 
then, depending upon precision of observation and weight of ac- 


TABLE VII 


EFFECTS PRODUCED BY CHANGES IN THE ENERGY-LEVEL 
OF THE HIGHER TERM 


Line Int. EP, Multiplet High Pressure Class* erae 

5065.030...} 3 | 4.238 | bsF;—c3G, | 6.675 | e Asymmetrical to violet V 

Pole-effect negative 

Pressure coeff. moderate 

Very high temp. lines 
5090.782...| 5 | 4.238 | bsF;—6rW; | 6.662 | d Asymmetrical to red IV 
3305.974...| 4 | 2.188 | aSP2—cSP} 5.251 | d Pole-effect positive 

Pressure coeff. large 

High temp. lines Ill 
4292.296...| 2} 2.188 | asP2—cSF3 | 5.064 | 6 Generally symmetrical 
3849.979...| 10 | 1.007 | aSF,—bsSD | 4.213 | 6 Pressure coeff. medium II 

Medium temp. lines 
5434.536...| 5 | 1.007 | aSFi—aSDs | 3.278 | a Always symmetrical I 


Pressure coeff. small 
' s Low temp. lines 


* Defined in the Rowland Revision, pp. x-xi of Introduction. 


cumulated data, follow in order red displacement of Fraunhofer 
lines, outflow from spots, solar rotation, and heights from eclipse 
spectra, the last being affected by photographic errors. 

The energy-levels of the low and high terms in multiplets play 
distinct roles. The low term, for example, determines the tempera- 
ture class; the high term founds the pressure classification upon pro- 
found changes in the electron configuration within the atom. Inter- 
system combinations mimic the behavior of normal combinations 
with higher excitation potential. 


CARNEGIE INSTITUTION OF WASHINGTON 
Mount WItson OBSERVATORY 
November 1929 
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